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ABSTRACT
The repellant ligand Slit and its Roundabout (Robo) family receptors regulate many
aspects of axon guidance in bilaterians, including midline crossing of axons during development
of the embryonic CNS. Slit proteins are produced by midline cells and signal through Robo
receptors expressed on the surface of axonal growth cones to repel axons from the midline.
Disruption of Slit-Robo signaling causes ectopic midline crossing phenotypes in the CNS of a
broad range of animals, including insects and vertebrates.
Drosophila Robo1 has a conserved ectodomain structure of five immunoglobulin-like (Ig)
domains plus three fibronectin (FN) repeats. By utilizing a genomic rescue construct based on
endogenous robo1 regulatory sequences, we investigate which of these ectodomain elements
are individually dispensable as well as how much of the receptor is required for its midline
repulsive function. By restoring expression of variant Robo1 constructs in embryonic neurons of
robo1 mutants, we found that the Ig1 domain is the only individual ectodomain element
essential for midline repulsion in vivo. Additionally, the combinatorial deletions of either the Ig
domains (DIg2-5) or the FN repeats (DFN1-3) do not disrupt slit binding or midline repulsion.
However, when these two deletions are combined (DIg2-FN3), so that only the Ig1 domain
remains, midline repulsion is not completely restored to that of wild-type embryos. Interestingly,
Robo1DIg2-FN3 is still able to bind Slit, indicating that Ig1 alone is both necessary and sufficient
for Slit binding by Robo1, but not sufficient on its own for Robo1’s in vivo function. Furthermore,
we find that while the DIg2-5 variant is sensitive to downregulation in vivo, the DFN1-3 and DIg2FN3 variants are insensitive to the Robo1 antagonists Commissureless (Comm) and Robo2,
revealing a novel regulatory role for Robo1’s FN repeats.
This partial rescue phenotype of Robo1DIg2-Fn3 suggests that additional ectodomain
elements of Robo1 apart from Ig1 may play a permissive role in repulsive signaling, and that a
minimal number of domains, rather than a specific set, may be necessary for Slit-dependent

signaling by Robo1. To that end, we further investigate steric hindrance as a potential
mechanism to explain this partial rescue phenotype.
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CHAPTER ONE
Introduction:
Embryonic CNS development, Ig superfamily and the structural components of Robo1,
and Robo1 signaling
Parts of this chapter were published in Howard et al., 2017 and Brown et al., 2018

1

INTRODUCTION
PART ONE: Embryonic Drosophila Central Nervous System (CNS) development
Neurogenesis: Neuroblast formation and specification
After gastrulation, the newly established neuroectoderm will give rise to neuroblasts that
ultimately differentiate into neurons (Doe & Goodman, 1985a). In Drosophila, the
neuroectoderm manifests in stage 8 of embryogenesis during germ-band extension (Lawrence,
1986). Within this tissue lies the ventral neuroectoderm (VNE) and the procephalic
neuroectoderm (PNE) from which the ventral nerve cord (VNC) and brain hemispheres will,
respectively, develop (Technau & Campos-Ortega, 1986). The developmental decision of these
cells to differentiate into neuroblasts, rather than the secondary epidermoblast fate, is controlled
by cell-cell interactions, as well as transient neurogenic and proneural gene expression (Caudy
et al., 1988; Doe & Goodman, 1985b; Ghysen & Dambly-Chaudière, 1989; 1990; Jiménez &
Campos-Ortega, 1979; 1987; 1990; Lehmann, Dietrich, Jiménez, & Campos-Ortega, 1981;
Lehmann, Jiménez, Dietrich, & Campos-Ortega, 1983; Romani, Campuzano, Macagno, &
Modolell, 1989; White, 1980; White, DeCelles, & Enlow, 1983).
Within the neuroectoderm, pair rule and segment polarity genes provide positional cues
to clusters of four to six ectodermal cells. Depending on the cell’s position within a cluster, it will
transiently express one or more proneural genes [ie. achaete-scute complex (AS-C), ventral
nervous system condensation defective (vnd) and daughterless gene], which will ultimately
grant one cell the ability to differentiate into a neuroblast and delaminate from the ectodermal
cluster. Once segregated, the enlarged neuroblast will prevent the remaining ectodermal cells
from achieving their primary fate by increasing expression of neurogenic genes [ie. Notch and
Delta] to eliminate proneural gene expression within the clustered cells. As these inhibitory
neurogenic signals only exist within the VNE region of the neuroectoderm (Stüttem & CamposOrtega, 1991), most of these cells will succumb to the secondary epidermal fate producing the
subesophageal ganglion rather than the VNC.
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The neuroblast will then undergo a series of mitotic divisions, each of which produces a
smaller ganglion mother cell (GMC) that is successively pushed away from the outer epidermis
and towards the innermost surface of the CNS. Each GMC will divide once more to produce a
pair of postmitotic neurons that will differentiate directly above the basement membrane. Mitotic
divisions are completed for the most part during germ-band retraction (stage 12) and results in
shrunken embryonic neuroblasts. However, neuroblasts within the thoracic segments do
enlarge once more during the first larval stage to produce neurons that will be incorporated into
the imaginal CNS (Prokop & Technau, 1991; Truman & Bate, 1988).
As with most cell differentiation, positional information is paramount to determining the
fate of a cell. In the grasshopper, it is possible to predict which neurons a neuroblast will form
based solely on its position within the neurogenic cluster. While the Drosophila neuroblast (NB)
pattern is more variable than the grasshopper, there are two neuroblasts that will always
develop in stereotyped locations, such as NB 1-1 and NB 4-2, which will develop into the
aCC/pCC or RP2 neurons, respectively (Fig. 1.1) (Doe, Hiromi, Gehring, & Goodman, 1988a;
Doe, Smouse, & Goodman, 1988b).

Glial cells and neurons of the midline
While neuroblasts differentiate after gastrulation, the midline precursor cells become distinct
from the surrounding presumptive mesoderm and neurogenic region when sim is first expressed
in the cellular blastoderm stage (Crews, Thomas, & Goodman, 1988; Nambu, Franks, Hu, &
Crews, 1990; Thomas, Crews, & Goodman, 1988). These differentiating cells are organized in
two columns along the anterior/posterior (A/P) axis and ultimately come together to form a
single column consisting of eight cells that will delaminate in a similar manner to neuroblasts.
Each of these eight cells will divide once to grant sixteen cells for every segment of the VNC.
The cell’s location within a segment will affect which pair rule and segment polarity genes are
expressed and thus determine its fate (Patel et al., 1989). For instance, the anterior-most three
3

Figure 1.1
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Figure 1.1 Characterized GMC and neural specification.
Figure adapted from Doe et al., 1988. (A-E) Formation of neuroblasts, GMCs, and neurons. (A)
Positional cues (gray-colored cells) in the neurogenic ectoderm distinguish clusters of four to six
cells (black cells). (B, C) Depending upon their position within the cluster, each cell will express
proneural genes, but only one cell will be able to delaminate and become a neuroblast. (D) The
fully specified neuroblast now inhibits neighboring cells within the cluster from becoming
additional neuroblasts by expressing neurogenic genes. (E) The neuroblast will then divide to
produce Ganglion Mother Cells (GMCs) and neurons that are further specified. (F) In wild-type
embryos, neuroblast 4-2 produces GMC-1 that generates RP2, while neighboring GMCs will
generate the RP1 and RP3 neurons. Neuroblast 1-1 produces GMC-1 that generates the sibling
aCC and pCC neurons. These cells express eve and ftz which control axon morphology and
proper guidance.
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pairs will differentiate into midline glia (MGP: posterior, MGM: medial, and MGA: anterior), pairs
4-5 differentiate into MP1 and V neurons, and pairs 6-8 differentiate into the remaining four
VUMs, median neuroblast (MNB) and glial cells (Jacobs & Goodman, 1989a; Klämbt &
Goodman, 1991). However, the posterior three pairs continue division to generate 25-30 cells
per segment. Once the midline glial cells differentiate, sim and slit expression is restricted from
all ventral midline cells to the six midline glia (MG) cells surrounding axon commissures (Crews
et al., 1988; Nambu et al., 1990; Rothberg, Hartley, Walther, & Artavanis-Tsakonas, 1988;
Rothberg, Jacobs, Goodman, & Artavanis-Tsakonas, 1990; Thomas et al., 1988).
Glia aid in axon guidance either by shaping early axon pathways and subsequently
enwrapping axon tracts or by adjoining and surrounding neuronal cell bodies to enable
communication between neurons (Klämbt & Goodman, 1991). In Drosophila, the MG and
longitudinal glia (LG) are well characterized. The six MG cells (pairs of MGA, MGM, MGP) carry
out the latter function by specifically encircling and separating the anterior and posterior
commissural axons of a segment (Jacobs & Goodman, 1989a). While named for their location
relative to the anterior and posterior commissures (Fig. 1.2), the MGM and MGP cells must
migrate from their initial positions to achieve these orientations. MGM migration requires
interaction with the VUM growth cones to extend posteriorly over the MGA cells at the anterior
commissure and stop between the anterior and posterior commissures; while MGP migrates
anteriorly across the segment boundary to stop just beneath the posterior commissure (Fig.
1.2). The LG develops from neuroblast-like precursors known as glioblasts (Bastiani, Lac, &
Goodman, 1986). Positional cues and neurogenic genes are responsible for the formation of a
single glioblast from a cluster of cells in each hemisegment by a mechanism similar to that of
differentiating neuroblasts. The glioblast forms laterally in the “neuroblast array” and
symmetrically divides to yield a pair of cells that will further divide into six glioblast cells as
longitudinal tracts form around them (Jacobs, Hiromi, Patel, & Goodman, 1989). Division
continues until there are 8-10 LGs per hemisegment that will separate into two rows: medial
6

(LGM) and lateral (LGL) (Klämbt & Goodman, 1991). Additionally, four exit glia cells exist
outside of the VNC per hemisegment that aid in the formation of intersegmental (ISN) axon
pathways that exit the CNS to innervate muscles (Fig. 1.3).
Within each hemisegment of the Drosophila VNC, approximately twenty-five neuroblasts
delaminate from the sheet of ectodermal cells that will generate two-hundred neurons. Of these
neurons, only twenty can be easily identified: MP1, dMP2, vMP2, aCC, pCC, RP1-5, SP1, the
six VUMs, and U1-3 (Goodman et al., 1984; Jacobs & Goodman, 1989b; 1989a; Thomas,
Bastiani, Bate, & Goodman, 1984; Bastiani, Doe, Helfand, & Goodman, 1985). Most neurons do
not actively migrate from the initial location in which they differentiate, instead they are merely
displaced further inwards toward the basement membrane by the birth of newer neurons. The
few exceptions to this rule include aCC and pCC, RP1 and RP3, the VUM neuronal cell bodies
and SP1. After differentiating from NB 1-1 (see above), aCC and pCC neurons mimic MGP
migration whereby they migrate across the anterior segment border and differentiate where the
posterior commissure intersects the longitudinal connective (Goodman et al., 1984). The RP1
and RP3 neurons originate where the longitudinals develop and then migrate into the midline
before medially extending their growth cones (Jacobs & Goodman, 1989a; Patel, Snow, &
Goodman, 1987). Finally, the VUMs migrate ventrally toward the epidermis and SP1 neurons
migrate medially along the outer edge of the anterior commissure. Like glial cell migrations, the
signals involved in directing these migrations are not well characterized.

Growth cone guidance: pioneering the anterior and posterior commissures
Axon guidance is the process by which a growing axon is guided toward its synaptic target. This
is accomplished via actin-based structures, known as growth cones (GC), that extend
lamellipodia and filopodia in order to be guided by a variety of environmental cues from the cell
surface, extracellular matrix or secreted chemotropic factors. These signals can cause the GC
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Figure 1.2

Figure 1.2. Locations of identified neurons and glial cells.
Figure modified from Seeger et al., 1993. Three-dimensional schematic of final locations of
neurons and glial cells that form the axon pathways within one segment of the VNC. Arrow at
right indicates positional information of these cells (proximity to either internal basement
membrane or external epidermis). (AC and PC) Anterior and posterior commissures, (MGA,
MGM, MGP) three pairs of anterior, medial and posterior midline glia cells, (LG) longitudinal
glia, (GB) glioblast for LG, (SP1, MP1, dMP2, vMP2, RP1, RP3, aCC, pCC, Us [U1, U2, U3],
VUMs) well-characterized neurons of axon pathways.
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Figure 1.3

Figure 1.3. The pattern of glial cells along embryonic pathways.
Figure reprinted from Klämbt and Goodman 1991. Patterning schematic of characterized glial
cells along axon pathways in Drosophila VNC. Three pairs of midline glia (MGA, MGM, MGP)
encompass anterior and posterior commissures (AC/PC). Six longitudinal glia (LG) cells border
the longitudinal pathways of each hemisegment. Glial cells A and B lie medial to the LGs, the
intersegmental (ISG) and segmental (SG) nerve root glial cells along the intersegmental (ISN)
and segmental (SN) nerves. Exit glia (EG) and peripheral glia (PG) lie outside the CNS and
along ISN branches. The longitudinal glia exist in two rows, where the medial (LGM) subset is
closest to the midline and the lateral (LGL) subset resides at the exterior of the longitudinals.
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to be either attracted to or repelled from the source of the signal. The specific response is
ultimately determined by the type of receptors expressed at the growth cone surface and the
presence of downstream effectors able to influence actin dynamics by regulating RhoGTPases.
Generally, attractive cues locally stabilize actin to promote polymerization and growth toward
the signal source; while repellant cues destabilize actin and promote depolymerization and
retraction away from the source of the cue. However, it is important to note that GCs are not
only simultaneously reacting to multiple chemotropic agents within a concentration gradient,
rather than be influenced by a single environmental cue, but are also transiently expressing
different receptors to allow the axon to migrate toward and terminate at its proper target. The
receptors present at the GC surface that dictate its response can be characterized as neural cell
adhesion molecules (NCAM) or substrate adhesion molecules (SAM) that promote extension of
GCs (Lander, Fujii, & Reichardt, 1985).
The initial GCs to pioneer axon pathways utilize neurons, glial cells and mesodermal
cells as markers that provide geographic information to guide them towards their final
destination. The greatest source of nonneuronal cues are secreted by the midline glia cells (ie.
sim and slit). Neurons that differentiate ventrally after the pioneers exhibit selective fasciculation
and follow the axon pathway for which they have the greatest affinity. For example, the GCs of
aCC and pCC neurons selectively recognize the fascicles of U and MP1 neurons, respectively
(Bastiani et al., 1986; Doe, Bastiani, & Goodman, 1986; Lac, Bastiani, & Goodman, 1986). This
pathway recognition relies on the specific type of surface glycoprotein label – such as Fasciclin
(Fas) I, Fas II, Fas III and Neuroglian – that are expressed in GCs, axon fascicles and glia cells
during embryonic development. Fas II was originally identified in grasshoppers and its homolog
was later identified in Drosophila (Grenningloh, Rehm, & Goodman, 1991; Harrelson &
Goodman, 1988; Snow et al., 1988; Zinn, McAllister, & Goodman, 1988). This protein, along
with Neuroglian and Fas III, are all members of the Ig superfamily and are thus classified as
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NCAMs. In addition to aiding selective fasciculation of later neurons, Fas II expression can be
utilized to detect the MP1 pathway axons in Drosophila embryos (Grenningloh et al., 1991).
GCs that pioneer commissures begin to extend toward the midline during germ band
retraction in stage 12. This embryonic stage is divided into three substages (12/5, 12/3, and
12/0), referring to the number of segments remaining on the embryo’s dorsal surface as the
germ band retracts. GCs that pioneer the posterior commissure are guided towards the anterior
three pairs of VUMs and MP1 neurons at the beginning of stage 12/5. By 12/3, GCs that pioneer
the anterior commissure migrate toward MGA glia and VUM GCs to effectively extend in close
proximity to those that pioneered the posterior commissure. Finally, at 12/0 the two
commissures are separated by the migration of MGMs over MGA glia and VUM GCs (Klämbt,
Jacobs, & Goodman, 1991). At this point, the anterior commissure contains twice as many
“axon bundles” as the posterior commissure that will ultimately turn and migrate into the
longitudinal fascicles.

Establishing the axon scaffold: the MP1 pathway
The longitudinal pathways consist of five neuronal GCs (the ascending pCC and vMP2, the
descending MP1 and dMP1, and the commissural SP1) that meet along the surface of LG5 (a
longitudinal glial cell; see Fig. 1.4) before the completion of stage 13. pCC is the pioneer GC of
this pathway that will later be ensheathed by vMP2. Once fasciculated these two axons will then
flatten and adhere to the SP1 cell body and LG5. MP1 then extends posteriorly around the aCC
cell body and bifurcates selectively toward both aCC and LGM cells. Later in development, the
dMP2 GC will selective fasciculate with MP1 which further extends to enwrap the pCC.
Ultimately, the five axons tightly fasciculate with one another under the LG5 to form the MP1
pathway (Jacobs & Goodman, 1989a; 1989b). Later in development the MP1 pathway fascicles
are displaced from the longitudinal glia cell surface and later developing neurons will selectively
fasciculate with the established pathway without physically contacting glial cells like their
13

predecessors. As previously stated, selective fasciculation with the MP1 pathway is possible
due to the expression of FasII on axons and glia that serve as recognition markers.

The importance of axon guidance
As the nervous system develops in animal embryos, connections are formed between neurons
and other cells via axon guidance. In animals with bilateral symmetry, including humans and
insects such as the fruit fly Drosophila melanogaster, it is critical for each axon to correctly
decide whether to remain on its own side of the body or cross the midline to connect with cells
on the contralateral side of the body (Evans & Bashaw, 2010). Many axons need to cross the
midline in order to innervate the opposite side of the body and carry out proper motor functions,
necessitating precise temporal regulation of signaling pathways regulating midline attraction and
repulsion. Misregulation of midline crossing can lead to a number of neurodevelopmental
disorders in humans, including mirror movement synkinesis and horizontal gaze palsy (Izzi &
Charron, 2011; Nugent, Kolpak, & Engle, 2012). As the mechanisms of axon guidance are
conserved among insects and humans (Dodd & Jessell, 1988; Harrelson & Goodman, 1988;
Klose & Bentley, 1989; McConnell et al., 2016), studying axon guidance in Drosophila could
provide valuable insight into the mechanics of the aforementioned human neurodevelopmental
disorders.

14

Figure 1.4
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Figure 1.4. Formation of axon pathways in Drosophila.
Figure reprinted from Jacobs et al. 1989. Schematic of initial fascicle formation of the MP1
pathway, vMP2 pathway, and U pathway in the Drosophila CNS. In Drosophila the anterior
extending pCC growth cone pioneers part of the MP1 pathway. The vMP2 growth cone displays
an affinity for the pCC and will extend anteriorly alongside it. Once the MP1 pathway reaches
the posterior segment it will extend towards the MP1 axon of this segment rather than following
the pCC. Ultimately this forms two distinct pathways within a segment of the CNS – the MP1
and vMP2 pathways. The aCC growth cones conversely pioneer the U pathway as the Us [U1,
U2 and U3] will follow the aCC to the segmental boundary cell (SBC) at the ISN.
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PART TWO: The Ig Superfamily and Robo1 protein structure
Neural Cell Adhesion Molecules (NCAMs) and the Ig Superfamily
NCAMs are glycoproteins that are expressed in the developing CNS and located at the cell
surface. Generally, these proteins belong to either the cadherin or immunoglobulin (Ig)
superfamilies (Goodman 1999 Ch. 8). Members of the Ig superfamily contain extracellular Ig-like
domains and can typically function in extracellular recognition events, cellular adhesion and
migration, axon guidance, or synaptic connection formation by mediating specific contacts with
other molecules that may stimulate intracellular signaling (Rader & Sonderegger, 1999).
Proteins involved in extracellular recognition that do not contain Ig domains belong to the
cadherin superfamily [ie. extracellular matrix proteins, integrins, cadherins and selectins].
Structurally, the Ig superfamily is characterized by the Ig fold (Fig 1.5). This fold consists
of one hundred amino acids (AA) where two Beta sheets are linked together by a disulfide
bridge crucial to the fold’s conformational stability (Amzel & Poljak, 1979; Glockshuber, Schmidt,
& Plueckthun, 2002; Proba, Honegger, & Plückthun, 1997) and facilitates specific binding
properties of the protein. These Ig folds can be further categorized into IgV (variable), IgC1 and
IgC2 (constant), IgI (intermediate), Cad and FnIII types based on the fold’s Beta strand
arrangement (Harpaz & Chothia, 1994; Leahy, Aukhil, & Erickson, 1996; Leahy, Hendrickson,
Aukhil, & Erickson, 1992; Vaughn & Bjorkman, 1996). The main topologies associated with cell
adhesion molecules are IgI and IgC2, where the latter strongly resembles the b-strand topology
of fibronectin type three (FnIII) domains that are commonly paired with the Ig fold in CAMs.

Molecular Nature of Fibronectin (Fn) type III repeats
Fibronectin is a large modular glycoprotein composed of three repetitious domains – I, II, and III
(Kornblihtt, Umezawa, Vibe-Pedersen, & Baralle, 1985; Kornblihtt, Vibe-Pedersen, & Baralle,
1984). Of the three repeats, Fn type-III is the largest, consisting of approximately ninety amino
acid residues (Bork & Doolittle, 1992; Leahy et al., 1996). Structurally, Fn III repeats are
17

composed of a beta sandwich fold consisting of seven beta sheets (Fig 1.5) (Huber, Wang,
Bieber, & Bjorkman, 1994; Leahy et al., 1992). This subdomain is found in animal protein
sequences important for molecular recognition and embryonic development including
extracellular matrix proteins, enzymes, muscle proteins and cell-surface receptors, such as
members of the Roundabout receptor family (Bork & Doolittle, 1992; A. Koide, Bailey, Huang, &
Koide, 1998). Fn type-III repeats have been shown to bind Heparan Sulfate Proteoglycan
(HSPG) extracellular matrix proteins (Bencharit et al., 2007), which are currently thought to be
important for both Netrin/Frazzled attraction and Slit/Robo repulsion. Could the Fn repeats of
these receptors contribute to their function in this manner? While Fn in humans has been
extensively studied, little is known about the glycoprotein and how it functions in the context of
Drosophila and the Roundabout receptor family.

Robo protein structure is evolutionarily conserved among taxa
The Slit-Robo pathway is an evolutionarily conserved cellular signaling pathway that regulates
midline crossing of axons in the developing central nervous system (CNS) in bilaterians,
including insects, nematodes, planarians, and vertebrates (Evans & Bashaw, 2012; Long et al.,
2004). The three Roundabout family members in Drosophila (Robo1, Robo2 and Robo3) share
a conserved 5+3 protein structure present in most homologs of the Robo receptor family. This
structure consists of five Immunoglobulin-like (Ig) domains, three Fibronectin (Fn) type-III
repeats, a transmembrane domain and two to four conserved cytoplasmic motifs (CC0, CC1,
CC2, and CC3) (Fig. 1.6) (Bashaw, Kidd, Murray, Pawson, & Goodman, 2000; Kidd, Brose,
Mitchell, Fetter, Tessier-Lavigne, et al., 1998a), where the Ig domains contain the I-set Ig fold
(Fukuhara, Howitt, Hussain, & Hohenester, 2008). The only known Robo family members to
deviate from this characteristic structure are present in the silkworm, Bombyx mori (BmRobo1a
and BmRobo1b), and in vertebrates (Robo4/Magic Roundabout) – where BmRobo1a/b are
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Figure 1.5
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Figure 1.5. Two-dimensional schematic of Ig folds.
Figure adapted from Rader and Sonderegger 1999. Arrows indicate B-strands in the amino-tocarboxyl direction; lines indicate loops connecting each of the seven B-strands. The Ig fold is
indicated by connection of B and F B-strands via a disulfide bridge (-S-S-). Ig folds with IgI and
IgC2 topologies are found in cell adhesion molecules, with IgI being the topology found in
Robo1. Cadherin (Cad) and fibronectin type III (FnIII) topologies contain Greek key superfolds
yet strongly resemble IgI and IgC2 and are also found in cell adhesion molecules. Schematic is
not to scale.
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missing Ig5 and Fn1, and Robo4 is missing Ig3-5 and Fn1 (Huminiecki, Gorn, Suchting,
Poulsom, & Bicknell, 2002; Li, Yu, Zhou, Zhao, Liu, Cui, & Liu, 2016a). These homologs serve
as a natural means to investigate the functionality of individual domains and suggest that at
least some of the Ig and Fn domains are dispensable for the activities of some Robo receptors
in vivo.
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Figure 1.6

Figure 1.6. Evolutionarily conserved nature of Roundabout family of receptors structural
elements.
Schematic for Roundabout receptors across bilaterians. All Robo orthologs consist of a
characteristic “5+3” conserved protein structure: five immunoglobulin-like (Ig) domains, three
fibronectin type III repeats (Fn), a transmembrane (TM) domain, and a number of conserved
cytoplasmic motifs (CC0, CC1, CC2, CC3). The only orthologs that deviate from this “5+3”
structure are Bombyx robo1a/b and vertebrate Robo4 (indicated by asterisks below the
schematics). References for each schematic are listed below the receptor family.
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PART THREE: Effectors regulating transient Robo1 signaling during development
Slit is secreted at the midline and binds to the Ig1 domain of all Robo family members
Since Slit and Robo were identified as a ligand-receptor pair in 1999, a series of genetic
interaction and in vitro biochemical studies have pinpointed the binding site to the Ig1 domain of
Robo1 and the second leucine-rich repeat (LRR D2) of Slit (Brose et al., 1999; J.-H. Chen,
Dupuis, Wu, & Rao, 2001; Fukuhara et al., 2008; Howitt, Clout, & Hohenester, 2004; Kidd,
Bland, & Goodman, 1999; Long et al., 2004; Morlot et al., 2007). However, it was only recently
shown that Slit binding to Robo1’s Ig1 domain is paramount to Robo1’s in vivo midline repulsive
function (Brown, Reichert, & Evans, 2015).
Slit is produced at the midline and has the potential to function as either a long- or shortrange guidance cue (Simpson, Bland, Fetter, & Goodman, 2000). To that end, the protein is
secreted throughout the ventral nerve cord (VNC) to grant expression at the midline and on
commissural and longitudinal tracts, where the most abundant expression pattern is seen where
axons have crossed the midline. The secretion of Slit is dependent upon a glycosylation event
mediated by Mummy (mmy), a gene that encodes the only known uridine diphosphate-Nacetylglucosamine (UDP-GlcNac) diphosphorylase in Drosophila. In mmy mutants, where
glycosylation of Slit cannot be completed, Slit is only found at the VNC midline and is completely
absent on longitudinal and commissural axon tracts. However, this only interferes with the
ligand’s ability to be secreted, and not its ability to bind Robo1 (Manavalan, Jayasinghe, Grewal,
& Bhat, 2017b).

Early Robo1 inhibition allows axons to initially cross the midline
Many axons need to cross the midline in order to innervate the contralateral side of the body
and carry out proper motor functions. This guidance requirement necessitates precise temporal
regulation of Slit-Robo repulsion. In Drosophila pre-crossing commissural axons,
Commissureless (Comm) protein limits the amount of Robo1 on the growth cone surface by
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endosomal sorting (Keleman et al., 2002; Keleman, Ribeiro, & Dickson, 2005; Kidd, Russell,
Goodman, & Tear, 1998b). When Comm is active in early neural development, it is co-localized
with Robo1 in vesicles targeted for lysosomal degradation by Comm’s cytoplasmic targeting
sequence (Gilestro, 2008). Within commissural neurons, Comm and Robo1, are trafficked
through multiple compartments before reaching the late endosome. Throughout this process
Comm predominantly interacts with Rab7 and Shrub-containing vesicles (van den Brink,
Banerji, & Tear, 2013). As Shrub is associated with the formation of multivesicular bodies
(MVBs) within late endosomes (Sweeney, Brenman, Jan, & Gao, 2006) this could indicate that
Comm may be retained within MVBs before transport to the lysosome. Interestingly, Rab7
activity is necessary to allow Robo1 to reach the growth cone surface, however, when coexpressed with Comm this function is overridden. If Robo1 fails to co-localize to endosomes and
escapes degradation to the growth cone surface, the receptor is further inhibited by interactions
with the Ig1 and Ig2 domains of Robo2 (Evans, Bashaw, Santiago, & Arbeille, 2015). The
binding location on Robo1 for this inhibitory interaction is still unknown. After crossing, Comm
expression is terminated and Robo1 protein is able to return to growth cones and prevent axons
from re-crossing the midline ectopically.
Comm-dependent regulation only occurs in insects. Orthologues of Comm do not exist
outside of insects; orthologues of the less understood Drosophila comm2 have been described
in Culex quinquefascuatus and Aedes aegypti (Behura et al., 2011; Sarro et al., 2013; Zdobnov
et al., 2002), making the aforementioned mechanism unlikely to be conserved in other taxa. In
vertebrates, RabGDI acts as a temporal regulator to control Robo1 expression at the growth
cone surface and prevent premature response to Slit through the currently accepted shift-ofbalance model (Philipp et al., 2012). Pre-crossing commissural axons do not express Robo1 or
RabGDI and are attracted to the Netrin cues present at the midline. Once the growth cone
interacts with the floor plate, expression of RabGDI is activated. RabGDI cooperates with
calsyntenin 1 within Rab11-positive vesicles allowing for rapid insertion of Robo1 into the
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membrane by vesicle fusion (Alther, Domanitskaya, & Stoeckli, 2016). The accumulation of
Robo1 at the growth cone surface sensitizes the axon to negative cues present at the midline
and enables expulsion from the floorplate. Once on the contralateral side of the body, axons
continue to express RabGDI which enhances Robo1’s midline repulsive function and prevents
ectopic re-crossing.
While Comm and RabGDI regulate Robo1 by different mechanisms, both allow
commissural axons to initially cross the midline by preventing premature repulsion in response
to Slit. Of note, a single RabGDI orthologue, Gdi, exists in Drosophila and shares a high degree
of amino acid sequence similarity with vertebrate RabGDI (Zahner & Cheney, 1993). However,
Gdi has only been shown to be critical for pupal case and pole cell formation (Ricard et al.,
2001). Whether Gdi can regulate Drosophila Robo1 like its vertebrate counterpart has yet to be
determined, if the need for such regulation even exists due to the presence of Comm.

Recovering from transient inhibition: factors that stabilize Robo1 on axons and enhance
midline repulsion
Comm-dependent inhibition of Robo1 is the strongest and most well-characterized form of
regulation to the Slit-Robo pathway. What then can combat these inhibitory interactions to allow
for Robo1’s midline repulsive function? A recent study implicates Mmy. While it has not been
shown to directly glycosylate Robo1, mmy mutant stage 12-14 embryos show significantly
reduced amounts of Robo1 protein present on axons (Manavalan, Jayasinghe, Grewal, & Bhat,
2017b). Observations of Robo2 and Robo3 protein levels in mmy mutants yielded similar
results. This data indicates that Mmy acts in an indirect manner to regulate and maintain the
abundance of all three Robo receptors via an unknown, slit-independent mechanism.
Another effector that influences Robo1 signaling is Canoe (Cno). During early stages of
embryogenesis, Cno is expressed in the ipsilateral axons, while in later stages Cno is
expressed in commissural axons that have already crossed the midline once. The expression
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pattern alone indicates a role in midline repulsion – preventing early ipsilateral axons from
crossing and late commissural axons from re-crossing the midline ectopically – and is
mechanistically reminiscent of vertebrate RabGDI. Furthermore, genetic interaction and in vitro
experiments suggest that Cno forms a complex with Robo1 in vivo which is required for the
receptor’s localization and midline repulsive function (Slovakova, Speicher, Sanchez-Soriano,
Prokop, & Carmena, 2012).
Moving outside of the embryonic VNC to the adult brain, RPTP69D directly binds to
Robo3 to increase surface protein levels and enhance axonal response to Slit and thus its
function in sLNv axon growth (Oliva et al., 2016). RPTP10D and RPTP69D have previously
been shown to be important for embryonic neural development by interacting with the Slit-Robo
pathway (Sun, Bahri, Schmid, Chia, & Zinn, 2000). While this study focuses on the adult brain, it
will be interesting to see if RPTP69D has a similar role in VNC neural development that has yet
to be discovered.

The role of Syndecan in the Slit-Robo pathway
The linear polysaccharide Heparan Sulfate (HS) is found in all animal tissues and is essential in
regulating axon guidance cues (Hussain et al., 2006). When multiple HS chains connect with
membrane proteins they form HS Proteoglycans (HSPG). Of particular interest to the Slit-Robo
pathway is the HSPG syndecan. When the Drosophila homolog of syndecan is mutated the
resulting embryos display instances of ectopic crossing similar to a robo1 mutant phenotype,
suggesting that the HSPG is essential for proper Slit distribution and efficient signaling within
the Slit-Robo pathway (Johnson et al., 2004; Smart et al., 2011; Steigemann, Molitor, Fellert,
Jäckle, & Vorbrüggen, 2004). In Drosophila HS binds to Slit at LRR domains D1 and D2 (Slit-N)
and at the Cysteine knot (Slit-C) (Hussain et al., 2006). As the LRR D2 domain is the region of
Slit that binds Robo1 to achieve midline repulsion, the current hypothesized model is a ternary
Slit-Robo-HS complex (Fukuhara et al., 2008; Hussain et al., 2006; Johnson et al., 2004). In
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vitro biochemical assays (Ahmed et al., 2016; Fukuhara et al., 2008; Hussain et al., 2006) have
shown Ig1 and Ig2 of Robo1 to be important for heparin interactions, with Ig1-5 granting a
slightly higher affinity. However, these studies have only utilized N-terminal fragments of Robo1
(Ig1-5) to characterize the heparin binding site of Robo1 despite Fn type-III repeats having been
shown to generally associate with heparin (Aukhil, Joshi, Yan, & Erickson, 1992). Could the
Robo1 Fn repeats directly bind to HS and form the ternary structure essential for proper
signaling?

Downstream signaling post-ligand binding
According to the current model, after the receptor binds Slit at the midline, Robo1 must undergo
two processes to activate its midline repulsive function: cleavage and clathrin-dependent
endocytosis. First, the metalloprotease Kuzbanian (kuz) cleaves Robo1 near the
transmembrane domain, effectively shedding the receptor’s ectodomain (Coleman, Labrador,
Chance, & Bashaw, 2010). Unfortunately, the exact site of kuz cleavage remains unknown as
the enzyme’s substrate specificity is not well characterized. The cleavage site must be located
at some point between the first Fn repeat and the transmembrane domain as Coleman et al.
was able to create an uncleavable form of Robo1 by switching Robo1’s three Fn repeats and
juxtamembrane region with the corresponding regions of Frazzled (fra). This shedding event
causes a conformational change in the receptor allowing downstream cytoplasmic domains to
interact with Son of Sevenless (Sos) via the Dreadlocks (Dock) adaptor protein (Coleman et al.,
2010). Following cleavage, Robo1 is endocytosed and trafficked from early to late endosomes.
Genetic interaction studies suggest that this endocytic event contributes to receptor activation
by positively regulating midline repulsion (Chance, 2015). This is accomplished through an
intricate network of downstream effectors recruited to the receptor’s CC2 or CC3 motifs after slit
stimulation. Abelson (Abl), Enabled (Ena), Dock and Cno directly bind to the cytoplasmic
domain of Robo1 (Bashaw et al., 2000; Fan, Labrador, Hing, & Bashaw, 2003; Slovakova et al.,
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2012; Yang & Bashaw, 2006). Slit-dependent Robo1 endocytosis to the early endosome is
essential for recruitment of Sos to this complex, which interacts with Dock and regulates local
Rac activation via its DH RhoGEF domain (Chance, 2015; Yang & Bashaw, 2006). However,
the exact mechanism of Rac activation is not yet known. Once activated Rac influences
collapse of the growth cone actin cytoskeleton, granting Robo1 its midline repulsive function.
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CONCLUSIONS
Precise temporal regulation of growth cone receptors is paramount to an axon’s ability to
connect with its correct synaptic target. Incorrect mediation of these conserved guidance events
can result in human neurodevelopmental disorders. In bilaterians, a major guidance choice point
involves whether the axon will remain on its own side of the body to form an ipsilateral synaptic
connection or if it will instead cross over to the contralateral side of the body. The Roundabout
family of receptors mediates this decision throughout development by preventing ipsilateral
axons from crossing and post-crossing commissural axons from re-crossing the midline. While
all three members of the Drosophila Robo family have identical ectodomains, our current
understanding of these domain elements’ role in midline repulsion in vivo is limited. In vitro
evidence has been well established substantiating Robo1 Ig1’s role in binding the ligand Slit
(Fukuhara et al., 2008; Z. Liu et al., 2004; Morlot et al., 2007). However, a disconnect has
always remained between this in vitro evidence and how Slit-binding translates to in vivo neural
development. Here, we aim to bridge the gap between in vitro and in vivo evidence supporting
the necessity of Slit binding for Robo1’s midline repulsive function by carrying out in vivo
structure-function studies of the Robo1 protein, and to utilize these Robo1 variants to
investigate whether certain ectodomain elements play a role in the regulation of Robo1 signaling
throughout development.
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CHAPTER TWO
Characterizing the Robo1 Ig domains
Parts of this chapter were published in Brown et al., 2015 and Reichert et al., 2016
Marie Reichert performed the Slit binding experiment shown in Figure 2.5
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ABSTRACT
The midline repellant ligand Slit and its Roundabout (Robo) family receptors constitute the major
midline repulsive pathway in bilaterians. Slit proteins produced at the midline of the central
nervous system (CNS) signal through Robo receptors expressed on axons to prevent them from
crossing the midline, and thus regulate connectivity between the two sides of the nervous
system. Biochemical structure and interaction studies support a model in which Slit binding to
the first immunoglobulin-like (Ig1) domain of Robo receptors activates a repulsive signaling
pathway in axonal growth cones. Here, we examine the in vivo functional importance of the five
Ig domains of the Drosophila Robo1 receptor, which controls midline crossing of axons in
response to Slit during development of the embryonic CNS. We show that deleting Ig1 from
Robo1 disrupts Slit binding in cultured Drosophila cells, and that a Robo1 variant lacking Ig1
(Robo1ΔIg1) is unable to promote ectopic midline repulsion in gain of function studies in the
Drosophila embryonic CNS. We show that none of the five Ig domains (Ig1-5) are individually
required for proper expression of Robo1 in embryonic neurons, for exclusion from commissural
axon segments in wild-type embryos, or for downregulation by Commissureless (Comm), a
negative regulator of Slit-Robo repulsion in Drosophila. We also utilize a genetic rescue assay
to show that Robo1ΔIg1 is unable to substitute for full-length Robo1 to properly regulate midline
crossing of axons while the individual deletion of Ig domains 2-5 does not interfere with Robo1’s
ability to bind Slit or signal midline repulsion. These results establish a direct link between in
vitro biochemical studies of Slit-Robo interactions and in vivo genetic studies of Slit-Robo
signaling during midline axon guidance and distinguish Slit-dependent from Slit-independent
aspects of Robo1 expression, regulation, and activity during embryonic development.
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BACKGROUND
Slits and Robos regulate midline crossing in bilaterian animals
The proper establishment of connectivity across the midline of the central nervous system
(CNS) is essential for bilateral coordination in a wide variety of animal groups (Evans & Bashaw,
2010). During embryonic development, CNS axons must choose whether or not to cross the
midline in response to attractant and repellant cues produced by midline cells. Axon guidance
receptors of the Roundabout (Robo) family regulate midline crossing by signaling midline
repulsion in response to their canonical ligand Slit (Dickson & Gilestro, 2006). While the core
components of the Slit-Robo pathway (one or more Slits signaling through one or more Robo
receptors) are evolutionarily conserved across bilaterian phyla (Evans & Bashaw, 2012; Kidd et
al., 1999; Kidd, Brose, Mitchell, Fetter, Tessier-Lavigne, et al., 1998a; Li, Yu, Zhou, Zhao, Liu,
Cui, & Liu, 2016b; 2016a; Long et al., 2004; Zallen, Yi, & Bargmann, 1998), the number and
identity of pathway components varies, and distinct regulatory mechanisms have appeared in
different animal groups (Evans et al., 2015; Keleman et al., 2005).

Slit-Robo interaction studies
Slit and Robo were first identified as a ligand-receptor pair in Drosophila, and the expression
patterns of Slit and Robo orthologs in vertebrates immediately suggested an evolutionarily
conserved role in regulating midline crossing of axons (Brose et al., 1999; Kidd et al., 1999;
Kidd, Brose, Mitchell, Fetter, Tessier-Lavigne, et al., 1998a). In trans-species binding
experiments in cultured cells, Drosophila Slit could
bind to mammalian Robo receptors (rat Robo1 and Robo2), while human Slit2 could also bind to
Drosophila Robo1 (Brose et al., 1999). These results suggested a deep conservation of not only
the functional roles of Slit and Robo, but also the molecular mechanism of Slit-Robo interaction.
Consistent with this, a number of structure-function studies revealed that the biochemical
interaction between Slits and Robos from vertebrates and flies alike depends on the leucine-rich
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repeat (LRR) region of Slit, most importantly the LRR2 (D2) domain, and the extracellular
immunoglobulin-like (Ig) domains of Robo receptors, specifically Ig1 and Ig2 (Battye, Stevens,
Perry, & Jacobs, 2001; J.-H. Chen et al., 2001; Howitt et al., 2004; Z. Liu et al., 2004). Crystal
structure and site-directed mutagenesis studies of the Drosophila Robo1/Slit and human
Robo1/Slit2 complexes demonstrated that the molecular interaction between Slit D2 and Robo
Ig1 is highly conserved, and suggested that the Ig1 domain of Robo receptors is the primary
Slit-binding domain in both insects and vertebrates (Fukuhara et al., 2008; Morlot et al., 2007).
However, the in vivo functional importance of Ig1 has not yet been investigated in any system.

Slit-Robo signaling in Drosophila
Robo1 is the primary Slit receptor in Drosophila, and normally non-crossing axons ectopically
cross the midline in every segment of the embryonic CNS in robo1 null mutants (Kidd, Brose,
Mitchell, Fetter, Tessier-Lavigne, et al., 1998a; Seeger, Tear, Ferres-Marco, & Goodman, 1993).
Robo1 is broadly expressed in the Drosophila embryonic CNS, yet the majority of CNS axons
will cross the midline (Kidd, Brose, Mitchell, Fetter, Tessier-Lavigne, et al., 1998a; Rickert,
Kunz, Harris, Whitington, & Technau, 2011). Two regulatory mechanisms have been identified
which prevent premature Slit-Robo1 repulsion in pre-crossing commissural axons in Drosophila.
The endosomal sorting receptor Commissureless (Comm) prevents newly synthesized Robo1
proteins from reaching the growth cone surface as commissural axons are growing towards and
across the midline (Keleman et al., 2002; 2005; Kidd, Russell, Goodman, & Tear, 1998b), and
Robo2 acts non-autonomously to antagonize repulsive signaling by the remaining surfacelocalized Robo1, facilitating midline crossing (Evans et al., 2015). Comm also appears to
regulate Robo1 through an additional mechanism that is independent of endosomal sorting, but
this role is not well understood (Gilestro, 2008). Orthologs of Comm and Robo2 have not been
identified outside of insects, and vertebrates have acquired distinct regulatory mechanisms to
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prevent premature Slit-Robo repulsion in commissural axons (Z. Chen, Gore, Long, Ma, &
Tessier-Lavigne, 2008; Jaworski, Long, & Tessier-Lavigne, 2010).

Conserved structure of Robo receptors and functional modularity of Ig domains
Nearly all Robo family receptors in insects, mammals, nematodes, and planarians share a
conserved protein structure, with five immunoglobulin-like (Ig) domains and three fibronectin
type III (Fn) repeats making up each receptor’s ectodomain (Evans & Bashaw, 2012; Kidd,
Brose, Mitchell, Fetter, Tessier-Lavigne, et al., 1998a; Simpson et al., 2000; Zallen et al., 1998).
The exceptions to this rule are mammalian Robo4/Magic Roundabout, which lacks Ig3, Ig4, Ig5,
and Fn1 (Huminiecki et al., 2002), and Robo1a/Robo1b from the silkworm Bombyx mori, which
lack Ig5 and Fn1 (Li, Yu, Zhou, Zhao, Liu, Cui, & Liu, 2016a).
In vitro biochemical interaction and co-crystallization studies have shown that the Nterminal Ig1 domain is the primary Slit-binding region in both insect and mammalian Robo
receptors (J.-H. Chen et al., 2001; Fukuhara et al., 2008; Howitt et al., 2004; Z. Liu et al., 2004;
Morlot et al., 2007), and in vivo studies demonstrate the functional importance of Ig1 for midline
repulsive activity of both Drosophila Robo1 and Robo2 (Brown et al., 2015; Evans et al., 2015).
Functional roles for other extracellular Robo domains in contexts other than Slit-dependent
midline repulsion have been described. For example, Drosophila Robo2’s Ig2 domain
contributes to its role in promoting midline crossing, while Robo2’s Ig3 domain has been
implicated in regulating longitudinal pathway formation in the Drosophila embryonic CNS (Evans
et al., 2015). In mammals, the divergent Robo3/Rig-1 receptor does not bind Slit (Zelina et al.,
2014), but interacts with the novel ligand Nell2 in an Fn-dependent manner to steer
commissural axons towards the midline of the embryonic mouse spinal cord (Jaworski et al.,
2015).
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An in vivo structure/function analysis of all five Robo1 Ig domains
Although it is clear that the various axon guidance activities of Robo family members depend on
individual functional domains within the receptor, or combinations thereof, we do not yet have a
clear picture of how each domain contributes to individual axon guidance events. Apart from
Ig1, which of the other domains in Drosophila Robo1 are required for midline repulsion, if any?
Are any of the other Robo1 Ig or Fn domains required for receptor expression, protein stability,
axonal localization, or Slit binding? Here, we address these questions by individually deleting
each of the five Robo1 Ig domains and examining the effects of these deletions on Slit binding
as well as in vivo protein expression, localization, and Slit-dependent midline repulsive
signaling. We use a previously-established genetic rescue assay (Brown et al., 2015;
Spitzweck, Brankatschk, & Dickson, 2010) to remove endogenous robo1 function and
systematically replace it with robo1 variants from which individual Ig domain coding sequences
have been deleted. We find that Ig domains 2-5 of Robo1 are individually dispensable for Slit
binding, receptor expression and axonal localization, regulation by Comm, and midline repulsive
signaling activity. Our results indicate that the Slit-binding Ig1 domain is the only
immunoglobulin-like domain that is individually required for Robo1’s role in midline repulsion
during development of the Drosophila embryonic CNS.
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MATERIALS AND METHODS
Molecular biology
robo1 rescue construct cloning: The robo1 genomic rescue construct is based on Spitzweck et
al, 2010. Upstream and downstream flanking sequences from the robo1 gene were amplified by
PCR and cloned into a plasmid containing attB and mini-white sequences. An in-frame 4xHA
tag followed by a BamHI restriction site was inserted in between the upstream flanking region
(2385 bp beginning with GAATTCCTCCAGGAAACTGT and ending with
TCCTACTCCTTTCAGGCCAG) and downstream flanking region (2192 bp beginning with
TGTTTGAGACTCTCCGAATA and ending with CTTGGCAGTAACGGTCTCCG). Robo coding
sequences were amplified via PCR with BglII sites added to both primers, then digested with
BglII and cloned into the BamHI-digested backbone. Robo1 proteins produced from this
construct include the endogenous Robo1 signal peptide, and the 4xHA tag is inserted directly
upstream of the first Ig domain (Ig1 in Robo1; Ig2 in Robo1∆Ig1).

Robo1 Ig domain deletions: Individual Robo1 Ig domain deletions were generated via sitedirected mutagenesis using Phusion Flash PCR MasterMix (Thermo Scientific), and completely
sequenced to ensure no other mutations were introduced. Robo1 deletion variants include the
following amino acid residues, relative to Genbank reference sequence AAF46887: Robo1∆Ig1
(L153-T1395); Robo1∆Ig2 (P56-V152/V253-T1395); Robo1∆Ig3 (P56-Q252/P345-T1395);
Robo1∆Ig4 (P56-P344/E441-T1395); Robo1∆Ig5 (P56-D440/G535-T1395).

Construction of robo1 CRISPR donor plasmid: The initial robo1 empty donor construct was
assembled from four PCR fragments via Gibson assembly (New England Biolabs E2611). The
four fragments were derived from pBluescript (plasmid backbone; primer pair 417-418), the wildtype robo1 genomic locus (5’ and 3’ homology regions; primer pairs 414-410 and 411-415), and
the 4xHA tag with BamHI site (pAW robo1 flank; primer pair 408-409).
46

To make HA-tagged robo1robo1DIg1, the robo1DIg1 coding sequence (Brown et al., 2015)
was excised with BglII and the insert was cloned into the BamHI site downstream of the 4xHA
tag. The entire donor region including the robo1DIg1 coding sequence and robo1 flanking
regions was sequenced prior to injection.

Construction of robo1 CRISPR gRNA plasmid: robo1 gRNA sequences were cloned into the
tandem expression vector pCFD4 (Port, Chen, Lee, & Bullock, 2014a) via PCR using primers
439 and 499, followed by Gibson assembly using the PCR product and BbsI-digested pCFD4
backbone. In both cases, an additional G nucleotide was added to the 5’end of the gRNA target
sequence to facilitate transcription from the U6-1 and U6-3 promoters.

pUAST cloning: robo1 coding sequences were cloned as BglII fragments into p10UASTattB for
S2R+ cell transfection. All robo1 p10UASTattB constructs include identical heterologous 5′ UTR
and signal sequences (derived from the Drosophila wingless gene) and an N-terminal 3xHA tag.

Genetics
The following Drosophila mutant alleles were used: robo11 (also known as roboGA285),
robo1robo1DIg1, and snaSco/CyO,P{en1}wgen11 (“Sco/CyOwg”). The following Drosophila
transgenes were used: P{robo1::HArobo1} (Brown et al., 2015), P{robo1::HArobo1∆Ig1} (Brown
et al., 2015), P{robo1::HArobo1∆Ig2}, P{robo1::HArobo1∆Ig3}, P{robo1::HArobo1∆Ig4}, and
P{robo1::HArobo1∆Ig5}. Transgenic flies were generated by BestGene Inc (Chino Hills, CA)
using ΦC31-directed site-specific integration into attP landing sites at cytological position 86F8
(for UAS-Robo constructs) or 28E7 (for robo1 genomic rescue constructs). All crosses were
carried out at 25°C.
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Generation and recovery of CRISPR-modified alleles: The robo1 gRNA and robo1robo1DIg1
homologous donor plasmids were coinjected into nos-Cas9.P embryos (Port, Chen, Lee, &
Bullock, 2014a) by BestGene Inc. (Chino Hills, CA). Injected (G0) individuals were crossed as
adults to Sco/CyOwg. Out of 22 surviving adults, only 10 were able to produce F1 progeny. Of
these lines, 5-10 F1 males were then crossed individually to Sco/CyOwg virgin females. After
three days, the F1 males were removed from the crosses and tested by PCR with primers 391
and 424, which produce a 0.8kb product only when the modified robo1DIg1 allele is present. F2
progeny from positive F1 crosses were used to generate balanced stocks, and the modified
alleles were fully sequenced by amplifying the entire modified locus (approximately 8.5kb) from
genomic DNA with primers 252 and 253, then sequencing the PCR product after cloning via
CloneJET PCR cloning kit (Thermo Scientific). Details of G0 survival, fertility, and modified allele
transmission rates and cross schematic for recovery of modified CRISPR allele are provided in
Fig. 2.10.

Slit binding assay
S2R+ cells were cultured at 25ºC in Schneider’s media plus 10% fetal calf serum. To assay Slit
binding, cells were plated on poly-L-lysine coated coverslips in six-well plates (Robo-expressing
cells) or untreated six-well plates (Slit-expressing cells) at a density of 1-2×106 cells/ml, and
transfected with pRmHA3-GAL4 (Klueg, Alvarado, Muskavitch, & Duffy, 2002) and HA-tagged
pUAST-Robo or untagged pUAST-Slit plasmids using Effectene transfection reagent (Qiagen).
GAL4 expression was induced with 0.5 mM CuSO4 for 24 hours, then Slit-conditioned media
was harvested by adding heparin (2.5 ug/ml) to Slit-transfected cells and incubating at room
temperature for 20 minutes with gentle agitation. Robo-transfected cells were incubated with
Slit-conditioned media at room temperature for 20 minutes, then washed with PBS and fixed for
20 minutes at 4ºC in 4% formaldehyde. Cells were permeabilized with PBS+0.1% Triton X-100,
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then stained with antibodies diluted in PBS+2mg/ml BSA. Antibodies used were: mouse antiSlitC (DSHB #c555.6D, 1:50), rabbit anti-HA (Covance #PRB-101C-500, 1:2000), Cy3conjugated goat anti-mouse (Jackson #115-165-003, 1:500), and Alexa 488-conjugated goat
anti-rabbit (Jackson #111-545-003, 1:500). After antibody staining, coverslips with cells attached
were mounted in Aquamount. Confocal stacks were collected using a Leica SP5 confocal
microscope and processed by Fiji/ImageJ (Schindelin et al., 2012) and Adobe Photoshop
software.

Immunohistochemistry
Drosophila embryo collection, fixation and antibody staining were carried out as previously
described (Patel, 1994). The following antibodies were used: FITC-conjugated goat anti-HRP
(Jackson Immunoresearch #123-095-021, 1:100), mouse anti-Fasciclin II (Developmental
Studies Hybridoma Bank [DSHB] #1D4, 1:100), mouse anti-βgal (DSHB #40-1a, 1:150), mouse
anti-Robo1 (DSHB #13C9, 1:100), mouse anti-HA (Covance #MMS-101P-500, 1:1000), Cy3conjugated goat anti-mouse (Jackson #115-165-003, 1:1000), HRP-conjugated goat anti-mouse
(Jackson #115-035-003, 1:250). Embryos stained with HRP-conjugated antibodies were
developed by incubation with Stable Diaminobenzidine (DAB) solution (Invitrogen), according to
the manufacturer’s instructions. Embryos were genotyped using balancer chromosomes
carrying lacZ markers, or by the presence of epitope-tagged transgenes. Nerve cords from
embryos of the desired genotype and developmental stage were dissected and mounted in 70%
glycerol/PBS. Fluorescent confocal stacks were collected using a Leica SP5 confocal
microscope and processed by Fiji/ImageJ (Schindelin et al., 2012) and Adobe Photoshop
software. DIC images were acquired using a Zeiss Axioskop 2 microscope attached to a Canon
EOS Rebel T2i digital camera and processed by Adobe Photoshop software.
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RESULTS
SECTION ONE: Slit binding via the Ig1 domain is essential for midline repulsion by
Drosophila Robo1 but dispensable for receptor expression, localization and regulation in
vivo

Deletion of the Ig1 domain prevents Slit-Robo1 interaction in cultured Drosophila cells
Biochemical interaction studies in vitro have established a model of Slit-Robo repulsive
signaling in which Slit binding to Robo receptors via the Robo Ig1 domain is a key event in the
repulsive signaling pathway that repels ipsilateral and post-crossing commissural axons from
the CNS midline. However, Slit-Robo interaction studies to date have been carried out with
purified protein fragments in vitro, and have not addressed the importance of Robo Ig1 for Slit
binding in a cellular context, nor the predicted functional requirement for the Robo Ig1 domain in
vivo.
In order to evaluate the importance of Slit binding for the in vivo activity of Robo1, we
first examined whether deletion of the Robo1 Ig1 domain would abolish Slit binding in a cellular
context, using transmembrane receptors expressed at the surface of Drosophila cells. To this
end, we incubated cultured Drosophila S2R+ cells expressing HA-tagged transgenic Robo1 or
Robo1ΔIg1 with conditioned media harvested from cells expressing full-length Slit. We found
that Slit bound robustly to cultured Drosophila cells expressing transgenic full-length Robo1, but
interacted only weakly with untransfected cells or cells expressing Robo1ΔIg1 (Fig. 2.1).
Importantly, Robo1ΔIg1 protein was expressed at similar levels to full-length Robo1 and was
properly localized to the plasma membrane, as assayed by anti-HA staining of transfected cells.
Thus, deletion of the Ig1 domain from Robo1 strongly abrogates Slit binding but does not affect
expression or membrane localization of the receptor in cultured cells.
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Figure 2.1

Figure 2.1. Deletion of the Robo1 Ig1 domain prevents Slit-Robo1 interaction in cultured
Drosophila cells.
Drosophila S2R+ cells were transfected with the indicated HA-tagged UAS-Robo transgenes,
incubated with Slit-conditioned media, then stained with anti-HA (magenta) and anti-Slit (green)
antibodies. Slit does not bind to mock-transfected cells that do not express transgenic Robo1
(A), but binds robustly to cells expressing a full-length Robo1 transgene (B). The level of Slit
binding correlates with the level of Robo1 expression, as cells expressing lower levels of Robo1
also exhibit weaker Slit binding (arrowhead). Cells expressing transgenic Robo1ΔIg1 exhibit
similar levels of Slit binding to control cells (C). Panels (A-C) show confocal max projections
through the entire cells, while panels (D-F) show single confocal Z-slices through the cells
indicated with arrows in (A-C). Robo1ΔIg1 is properly localized at the plasma membrane, similar
to Robo1 (compare HA panels in E and F), indicating that deletion of Ig1 does not disrupt
expression of Robo1 at the cell surface. Schematics of the tested Robo receptor variants are
shown at left.
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Transgenic Robo1ΔIg1 is unable to rescue midline crossing in robo1 mutants
To test whether the Robo1 Ig1 domain is required for Robo1's normal role in midline repulsion,
we performed a rescue assay using our UAS-Robo1 and UAS-Robo1ΔIg1 transgenes in robo1
null mutants. As robo1 is normally broadly expressed in embryonic neurons, we used elavGAL4 to drive UAS-Robo1 expression in all embryonic neurons in robo1 null mutant embryos,
and assayed midline repulsion using anti-FasII antibody (Fig. 2.2A-D). We also used antiRobo1 antibody to assay expression of endogenous Robo1 and transgenic Robo1 and
Robo1ΔIg1 in our wild type, robo1 mutant, and genetic rescue backgrounds (Fig. 2.2E-H).
Transgenic Robo1 and Robo1ΔIg1 proteins both include the epitope recognized by the 13C9
anti-Robo1 antibody.
FasII-positive axons do not cross the midline in late-stage wild type Drosophila embryos
(Fig. 2.2A), and endogenous Robo1 protein is detectable on longitudinal axons in these
embryos (Fig. 2.2E). In robo1 null mutants, Robo1 protein expression is undetectable (Fig.
2.2F), and FasII-positive axons cross the midline in every segment (Fig. 2.2B). When we
restored transgenic Robo1 expression in neurons of robo1 mutants carrying elav-GAL4 and
UAS-Robo1, FasII-positive axons no longer crossed the midline (Fig. 2.2C) and Robo1 protein
expression was again detectable on non-crossing axons (Fig. 2.2G). Forcing high-level
expression of Robo1 in all neurons in robo1 mutants caused additional guidance defects,
including disruption of normal commissure formation and disorganization of longitudinal axon
pathways (compare 2.2A and 2.2C), as observed with Robo1 misexpression in wild type
embryos (Fig. 2.2B). In contrast, pan-neural expression of Robo1ΔIg1 did not restore midline
repulsion in a robo1 mutant background, and ectopic crossing of FasII-positive axons in
robo11/robo11; elav-GAL4/UAS-Robo1ΔIg1 embryos looked identical to robo11/robo11 null
mutants (Fig. 2.2D). Importantly, the inability of Robo1ΔIg1 to rescue midline crossing is not due
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Figure 2.2

Figure 2.2. Pan-neuronal expression of Robo1ΔIg1 is unable to rescue midline crossing
in robo1 mutants.
Stage 16 Drosophila embryos stained with anti-FasII (top) or anti-Robo1 (bottom). In wild type
embryos, FasII-positive axons do not cross the midline (A), and Robo1 protein is localized to
longitudinal axon pathways (arrowhead) but excluded from commissural axon segments in both
the anterior commissure (AC, white arrow) and posterior commissure (PC, black arrow) (E). (B)
In homozygous robo1 null mutants, FasII-positive axons ectopically cross the midline in 100% of
segments (arrow with asterisk). Robo1 protein is undetectable in these embryos (F). When
Robo1 expression is restored in neurons in robo1 mutants carrying elavGAL4 and UAS-Robo1,
FasII axons no longer cross the midline (C), and Robo1 protein is again detectable on
longitudinal pathways (G). Commissure formation is strongly inhibited in these embryos, and
FasII pathways are disorganized. (D) Neuronal expression of Robo1ΔIg1 does not rescue midline
repulsion in robo1 null mutants. (H) Robo1ΔIg1 protein is expressed on longitudinal pathways in
robo1 mutant embryos carrying elavGAL4 and UAS-Robo1ΔIg1 (arrowhead), and is also
detectable on axons as they cross the midline, especially in the anterior commissure (arrow with
asterisk).
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to mislocalization of the receptor, as Robo1ΔIg1 expression was readily detectable on axons in
robo11/robo11; elav-GAL4/UAS-Robo1ΔIg1 embryos (Fig. 2.2H).

The Robo1 Ig1 domain is not required for normal expression and localization
The above experiments comparing the expression and activity of Robo1 and Robo1ΔIg1 rely on
GAL4/UAS-based misexpression, which uncouples robo1 expression from the factors that
normally control its expression pattern and levels. As seen above, this can lead to confounding
effects such as inhibition of normal commissure formation and FasII pathway disorganization in
our GAL4-based rescue experiments. To compare our receptor variants under conditions that
more closely match robo1’s endogenous expression pattern and levels, we generated a robo1
genomic rescue construct which uses regulatory sequences derived from the endogenous
robo1 locus to control expression of HA-tagged Robo1 or Robo1ΔIg1 cDNAs (Fig. 2.3A). Both
rescue constructs (robo1::robo1 and robo1::robo1ΔIg1) contain identical upstream and
downstream regulatory sequences, and we inserted both transgenes into the same genomic
location to ensure equivalent expression levels (insertion site 28E7). A similar construct was
previously used to examine the ability of chimeric Robo1/Robo3 receptors to rescue robo1dependent midline repulsion (Spitzweck et al., 2010).
We found that the HA-tagged Robo1 protein expressed from our robo1 rescue construct
(robo1::robo1) closely reproduced the normal Robo1 expression pattern in the embryonic CNS:
it was detectable across the entire width of the longitudinal connectives, and was strongly
downregulated on commissural axon segments (Fig. 2.3B). Notably, expression of the HARobo1 transgene in a wild type background (which already carries two functional copies of the
endogenous robo1 gene) did not produce any discernible gain of function effects, even when it
was also present in two copies (i.e. in +, robo1::robo1 homozygous embryos). We observed an
identical expression pattern with the HA-Robo1ΔIg1 transgene (robo1::robo1ΔIg1) in a wild type
background, indicating that deleting the Ig1 domain does not interfere with the expression,
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Figure 2.3. Expression of Robo1 and Robo1ΔIg1 proteins via a robo1 genomic rescue
transgene.
(A) Schematic of robo1 rescue construct. Open reading frames are cloned into the BamHI
restriction site in-frame with the N-terminal 4xHA epitope tag, and are expressed under the
control of robo1 genomic regulatory sequences. Rescue constructs carrying full-length Robo1 or
Robo1ΔIg1 coding sequences were inserted into the same genomic landing site at cytological
position 28E7. robo1 mutations were introduced onto these chromosomes via meiotic
recombination. (B-E) Stage 16 embryos stained with anti-HRP (magenta) and anti-HA (green)
antibodies. Bottom images show HA channel alone from the same embryos. (B,C) In a wild type
background, HA-tagged full-length Robo1 (B) or Robo1ΔIg1 (C) proteins expressed from the
robo1 rescue transgene are localized to longitudinal axon pathways (arrowhead) and are
excluded from commissural axon segments in both the anterior commissure (AC, white arrow)
and posterior commissure (PC, black arrow). The HA staining pattern in both embryos closely
matches the expression of endogenous Robo1 protein in wild type embryos (compare to Figure
2.2E). (D) Embryos homozygous for a null allele of robo1 and carrying two copies of the
robo1::robo1 rescue construct display a wild type axon scaffold, and the distribution of HAtagged Robo1 is the same as in a wild type background. (E) Homozygous robo1 mutants
carrying two copies of the robo1::robo1ΔIg1 transgene exhibit a robo1 loss of function
phenotype, with thickened commissures and longitudinal pathways that form closer to the
midline. HA-tagged Robo1ΔIg1 is detectable on longitudinal pathways (arrowhead) and also on
both commissures (arrows with asterisks), although Robo1ΔIg1 levels appear higher on AC
(white arrow with asterisk) than PC (black arrow with asterisk).
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localization, or regulation of Robo1 when expressed in its endogenous pattern in an otherwise
wild type nervous system. Expression of Robo1ΔIg1 did not induce any apparent dominant
negative effects, as the axon scaffold appeared normal in +, robo1:: robo1ΔIg1 homozygous
embryos when visualized with anti-HRP antibody staining (Fig. 2.3C).

Robo1ΔIg1 cannot rescue midline repulsion in robo1 mutants
Next, we introduced a null mutation in the endogenous robo1 locus (robo11) onto the
chromosomes carrying the Robo1 or Robo1ΔIg1 transgenes, to examine their ability to rescue
midline repulsion in a robo1 null background. Homozygous robo1 null embryos carrying two
copies of the Robo1 rescue transgene (robo11, robo1:: robo1) exhibited a wild type axon
scaffold, and expression of the Robo1 transgene was the same as in a wild type background
(Fig. 2.3D). In contrast, Robo1ΔIg1 was unable to rescue midline repulsion in the absence of
endogenous robo1, and robo11, robo1:: robo1ΔIg1 homozygous embryos phenocopied robo1
null mutants (Fig. 2.3E). In this background, anti-HA staining detected Robo1ΔIg1 protein on
commissural axon segments, especially in the anterior commissure.
To more closely assess midline repulsion in our rescue backgrounds, we examined
FasII-positive axon pathways, which provide a more sensitive readout of midline repulsion and
can reveal more subtle ectopic crossing events that may be undetectable when examining the
entire axon scaffold with anti-HRP. FasII-positive axons do not cross the midline in wild type
embryos, but a subset of these axons cross the midline ectopically in every segment in robo1
mutants (Fig. 2.4A,B). We found that the Robo1 rescue transgene was able to restore wild type
levels of midline repulsion to FasII-positive axons in robo1 null mutant embryos (Fig. 2.4C). In
contrast, the Robo1ΔIg1 transgene had no effect on the ectopic midline crossing caused by the
robo1 mutation, and FasII crossing defects in robo11, robo1:: robo1ΔIg1 embryos were
indistinguishable from robo11 homozygous embryos (Fig. 2.4D; quantification in Fig 2.8).
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Figure 2.4

Figure 2.4. Robo1ΔIg1 cannot rescue midline crossing defects in robo1 mutants.
(A-D) Stage 16 embryos stained with anti-HRP (magenta) and anti-FasII (green) antibodies.
Lower images show FasII channel alone from the same embryos. FasII-positive axons cross the
midline inappropriately in every segment in robo1 null mutants (B, arrow with asterisk). This
phenotype is completely rescued by a robo1 genomic rescue transgene expressing full-length
Robo1 protein (C), but is not rescued by an equivalent rescue transgene expressing Robo1ΔIg1
(D). For quantification of ectopic crossing phenotypes in the genotypes shown in (A-D), see bar
graph at top right in Fig 2.8.

61

Thus, at the levels of gross morphology of the axon scaffold, a subset of longitudinal
pathways we observe that replacing the endogenous Robo1 protein with a variant that is unable
to bind Slit completely eliminates its ability to regulate midline crossing of axons in the
Drosophila embryonic CNS. Importantly, deleting the Ig1 domain from Robo1 did not detectably
alter its expression or localization in embryonic neurons, confirming the specificity of this
alteration and demonstrating that the expression and localization of Robo1 in vivo is
independent of its ability to interact with Slit.

SECTION TWO: Robo1 Ig2-5 are dispensable for the protein’s midline repulsive function,
receptor expression, localization and regulation in vivo

Robo1 Ig domains 2-5 are individually dispensable for Slit binding in cultured Drosophila
cells
The Roundabout (Robo) receptor family is an evolutionarily conserved group of transmembrane
axon guidance receptors that regulate midline crossing of axons in many bilaterian species.
Nearly all Robo receptors share a conserved arrangement of five immunoglobulin-like (Ig)
domains and three fibronectin type III (Fn) repeats in their extracellular region. We have recently
demonstrated that deletion of the Ig1 domain from Drosophila Robo1 prevents it from binding to
Slit, and abolishes its ability to prevent midline crossing of axons in vivo (Brown et al., 2015). To
determine whether Ig domains 2-5 of Robo1 contribute to Slit binding we generated a series of
Robo1 variants, each lacking one of the five extracellular Ig domains, and assayed their ability
to bind Slit when expressed in cultured Drosophila cells. While deletion of the Ig1 domain
reduced Slit binding to background levels (Brown et al., 2015), we found that Robo1∆Ig2,
Robo1∆Ig3, Robo1∆Ig4, and Robo1∆Ig5 bound Slit as effectively as full-length Robo1 (Fig. 2.5).
All of the variant receptors were expressed at similar levels and properly localized to the plasma
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Figure 2.5. Deletion of individual Robo1 Ig2-5 domains does not interfere with Slit binding
in cultured Drosophila cells.
Drosophila S2R+ cells were transfected with the indicated HA-tagged UAS-Robo1 transgenes,
and treated with conditioned media from cells expressing Slit. After Slit treatment, cells were
fixed and stained with anti-HA (magenta) to detect expression of Robo1 variants, and anti-Slit
(green). Slit binds robustly to cells expressing full-length Robo1 (B), but not to mock-transfected
cells (A) or cells expressing Robo1∆Ig1 (C). Cells expressing Robo1∆Ig2 (D), Robo1∆Ig3 (E),
Robo1∆Ig4 (F), or Robo1∆Ig5 (G) exhibit a similar level of Slit binding to cells expressing fulllength Robo1. Schematics of the tested Robo1 variants are shown at top right.
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membrane, as assayed by anti-HA staining of transfected cells. Thus, individual deletion of Ig2,
Ig3, Ig4, or Ig5 does not affect membrane localization of Robo1 or its ability to interact with Slit.

Robo1 Ig domains are not individually required for expression and localization in vivo
To compare the expression, localization, and activity of our Robo1 domain deletion variants in
vivo, we used a robo1 genomic rescue construct in which regulatory sequences derived from
the endogenous robo1 locus control expression of HA-tagged cDNAs encoding full-length
Robo1 or each of our Robo1 Ig deletion variants (Fig. 2.6A) (Brown et al., 2015; Spitzweck et
al., 2010). All rescue constructs contain identical upstream and downstream regulatory
sequences, and all transgenes were inserted into the same genomic location to ensure
equivalent expression levels (insertion site 28E7).
We found that all five Robo1 variants were expressed at similar levels to full-length
Robo1 and localized to axons in the embryonic ventral nerve cord. Similar to the wild-type
Robo1 expression pattern, all five variant Robo1 proteins were detectable across the entire
width of the longitudinal connectives, and were strongly downregulated on commissural axon
segments (Fig. 2.6B-G). Indeed the expression patterns of all variants tested here were
indistinguishable from the endogenous Robo1 pattern or the HA expression pattern in the fulllength Robo1 genomic rescue transgene, with the exception of Robo1∆Ig3. While this variant
displayed axonal localization and commissural down-regulation within the neuropile, it also
displayed elevated expression in a punctate pattern in the neuronal cell bodies in the cortex
(Fig. 2.6E).
We did not observe any apparent dominant negative effects of expressing any of our
Robo1 Ig deletion variants in an otherwise wild-type background, even when present in two
copies in homozygous embryos, suggesting that the presence of these variant receptors on the
growth cone surface does not alter endogenous Slit-Robo regulation of midline repulsion.
Similarly, embryos carrying two copies of any of the rescue transgenes along with two functional
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Figure 2.6

Figure 2.6. Robo1 Ig2-5 domains are not required for axonal localization and exclusion
from commissures in wild-type embryos.
(A) Schematic of the robo1 rescue construct (Brown et al., 2015). HA-tagged Robo1 variants
are expressed under the control of regulatory regions from the robo1 gene. All transgenes are
inserted into the same genomic landing site at cytological position 28E7. (B-G) Stage 16
embryos stained with anti-HRP (magenta) and anti-HA (green) antibodies. Bottom images show
HA channel alone from the same embryos. HA-tagged full-length Robo1 (B) and each of the Ig
domain deletion variants (C-G) expressed from the robo1 rescue transgene in a wild-type
background are localized to longitudinal axon pathways (arrowhead) and excluded from
commissural axon segments in both the anterior commissure (AC, white arrow) and posterior
commissure (PC, black arrow). Robo1∆Ig3 expression is elevated within neuronal cell bodies
compared to the other transgenes (E, arrowhead with asterisk).
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copies of endogenous robo1 did not display any discernible gain-of-function effects (i.e. thinning
or loss of commissures indicating increased midline repulsion). This, together with their
clearance from commissural axon segments, suggests that the Robo1 Ig deletion variants are
subject to the same regulation as endogenous Robo1.

Robo1’s Ig2-5 domains are not individually required for midline repulsion in vivo
The Slit-binding Ig1 domain of Robo1 is required for its in vivo role in midline repulsion (Brown
et al., 2015). To test whether Ig domains Ig2-Ig5 are individually required for midline repulsion in
vivo, we introduced our robo1::robo1∆IgX rescue transgenes into a robo1 null mutant
background and measured their ability to rescue midline repulsion in the absence of
endogenous robo1 activity. Homozygous null robo1 embryos carrying two copies of our fulllength Robo1 rescue transgene exhibited a wild-type axon scaffold, and transgenic HA-tagged
Robo1 protein was properly localized to axons and excluded from commissural segments (Fig.
2.7A), while robo1 mutant embryos expressing Robo1∆Ig1 phenocopied the robo1 null
phenotype, and transgenic Robo1∆Ig1 protein was detectable on axons as they crossed the
midline (Fig. 2.7B), as previously described (Brown et al., 2015). We found that expression of
any of our Ig2-5 deletion transgenes in robo1 null mutants was able to restore the wild-type
appearance of the axon scaffold, as measured by anti-HRP staining (Fig. 2.7C-F). Further, each
of the transgenic Robo1 proteins was properly expressed and excluded from commissures in
this background, indicating that endogenous robo1 is not required for proper expression,
commissural clearance, or midline repulsive signaling of Robo1∆Ig2, Robo1∆Ig3, Robo1∆Ig4, or
Robo1∆Ig5 (Fig. 2.7C-F). As in a wild-type background, we detected elevated levels of
Robo1∆Ig3 in neuronal cell bodies in addition to its axonal expression (Fig. 2.7D; compare to
Fig. 2.6E).
To more closely examine the ability of our rescue transgenes to restore midline repulsion
in the absence of endogenous robo1, we quantified ectopic midline crossing of FasII-positive
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Figure 2.7

Figure 2.7. Expression of Robo1 Ig2-5 deletion proteins in robo1 mutant embryos.
(A–F) Stage 16 robo1 mutant embryos carrying indicated robo1 rescue transgenes, stained with
anti-HRP (magenta) and anti-HA (green) antibodies. Lower images show HA channel alone
from the same embryos. Expression of full-length Robo1 via the robo1 rescue transgene in a
robo1 null mutant (A) restores the wild-type structure of the axon scaffold, but expression of
Robo1∆Ig1 does not (B). Each of the Ig2-5 deletion variants restore axon scaffold morphology
to a similar extent as full-length Robo1 (C-F). In the absence of endogenous robo1, all of the
variants are localized to the longitudinal pathways as in wild-type embryos (arrowheads) and
excluded from the anterior and posterior commissures (arrows in A, C-F), with the exception of
Robo1∆Ig1 (B, arrows with asterisks). As in wild-type embryos, Robo1∆Ig3 displays elevated
expression levels in neuronal cell bodies compared to the other Robo1 variants (D, arrowhead
with asterisk).
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longitudinal axons in each of our robo1 rescue backgrounds. In wild-type embryos or robo1 null
mutants rescued with a full-length Robo1 transgene, FasII-positive axons rarely crossed the
midline (Fig. 2.8A,C), but they crossed the midline in 100% of segments in robo1 mutants (Fig.
2.8B). As we have previously reported (Brown et al., 2015), Robo1∆Ig1 was completely unable
to rescue midline repulsion in robo1 mutant embryos, reflecting the critical role of Robo1 Ig1 in
midline repulsion (Fig. 2.8D). In contrast, we could restore midline repulsion to near-wild-type
levels by similarly expressing Robo1∆Ig2, Robo1∆Ig3, Robo1∆Ig4, or Robo1∆Ig5 (Fig. 2.8E-H).
In segments where ectopic crossing was observed in these rescue backgrounds, it was typically
less severe than in robo1 mutants (Fig. 2.8E, arrow with asterisk).

SECTION THREE: Confirming Robo1DIg1 results with CRISPR-Cas9

CRISPR/Cas9-based gene replacement of Drosophila robo1
To validate the necessity of Ig1 for slit binding and midline repulsion shown in our previous
transgenic UAS/GAL4 and genomic rescue construct results, we further characterized
Robo1DIg1 via CRISPR/Cas9. This technique was utilized to replace the endogenous robo1
gene with a variant missing its first Ig domain. To do so, we utilized two guide RNAs (gRNAs) to
target intron 1 and exon 17 and a donor plasmid carrying HA-tagged Robo1DIg1cDNA and
flanking sequences to induce homology directed repair (HDR), effectively replacing endogenous
robo1 from exon 2 to 17 (Fig. 2.9). A pCDF4 plasmid expressing both gRNAs under ubiquitous
promoters was injected alongside the donor plasmid into Cas9 expressing germ line cells of
Drosophila embryos under control of the nanos promoter (Port, Chen, Lee, & Bullock, 2014b),
and the resulting F1 progeny was screened by PCR for the presence of robo1DIg1. Additional
DNA sequencing was performed on these positive lines to ensure recovery of the correctly
modified variant. Further cross data are provided in Fig. 2.10.
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Figure 2.8
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Figure 2.8. Robo1 Ig2-5 domains are dispensable for midline repulsion in vivo.
(A–H) Stage 16 embryos stained with anti-HRP (magenta) and anti-FasII (green) antibodies.
Lower images show FasII channel alone from the same embryos. FasII-positive axons cross the
midline inappropriately in every segment in robo1 null mutants (B, arrow with asterisk). This
phenotype is completely rescued by a robo1 genomic rescue transgene expressing full-length
Robo1 protein (C) but is not rescued by an equivalent rescue transgene expressing Robo1∆Ig1
(D). Rescue transgenes expressing each of the four additional Ig deletion variants rescue
midline crossing as well as, or nearly as well as, full-length Robo1 (E-H). When ectopic crossing
is observed in these rescue backgrounds, it is less severe than in robo1 mutants (E,H, arrows
with asterisks). Bar graph shows quantification of ectopic midline crossing in the genotypes
shown in (A-H). Error bars indicate standard error. The extent of rescue for each Ig deletion
variant (D-H) was compared to robo11, robo1::robo1 embryos (C) by Student’s t-test, with a
Bonferroni correction for multiple comparisons (*p<0.01 compared to robo11, robo1::robo1).
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Figure 2.9

Figure 2.9. CRISPR methodology.
The initial robo1 empty donor construct was assembled from four PCR fragments via Gibson
assembly (New England Biolabs E2611), containing pBluescript, wildtype robo1 genomic locus,
and the 4xHA tag with BamHI site. To make HA-tagged robo1robo1DIg1, the robo1DIg1 coding
sequence (Brown et al., 2015) was excised with BglII and the insert was cloned into the BamHI
site downstream of the 4xHA tag in the donor plasmid. The robo1 gRNAs were co-expressed on
the same plasmid and target the endogenous robo1 genomic locus at exon 1 and intron 17
(shown in red on cartoon schematic; sequence of gRNAs shown on bottom), to completely
excise endogenous robo1 and replace it via homologous directed repair (HDR).
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Figure 2.10

Figure 2.10. Cross schematic to isolate modified CRISPR allele.
The robo1 gRNA and robo1robo1DIg1 homologous donor plasmids were coinjected into nosCas9.P embryos (Port, Chen, Lee, & Bullock, 2014a) by BestGene Inc. (Chino Hills, CA).
Injected (G0) individuals were crossed as adults to Sco/CyOwg flies. Out of 22 surviving adults,
only 10 were able to produce F1 progeny. Of these lines, 5-10 F1 males were then crossed
individually to Sco/CyOwg virgin females. After three days, the F1 males were removed from the
crosses and tested by PCR with primers 391 and 424, which only produces a 0.8kb product
when the modified robo1DIg1 allele is present. F2 progeny from positive F1 crosses were used
to generate balanced stocks, and the modified alleles were fully sequenced by amplifying the
entire modified locus (approximately 8.5kb) from genomic DNA. Details of G0 survival, fertility,
and modified allele transmission rates and cross schematic for recovery of modified CRISPR
allele are provided at bottom.

77

The robo1robo1DIg1 allele reproduce Robo1 receptor expression and localization
Heterozygous embryos containing one copy of the CRISPR modified allele and one copy of
endogenous robo1 (Fig. 2.11A) display a phenotypically wildtype axon scaffold. Here the HAtagged Robo1DIg1 is shown to be properly localized to longitudinal axons and absent from
commissures (white and black arrows indicating the anterior and posterior commissures
respectively). However, homozygous embryos lacking endogenous robo1 (Fig. 2.11B) display a
characteristic mutant scaffold in which the transgene is no longer solely expressed on
longitudinals and the anterior and posterior commissures of each segment are not distinct,
despite robo1DIg1 being properly trafficked to the axon surface. This mutant scaffold
phenotypically mimics Robo1DIg1 in robo11 mutant backgrounds of previously described
transgenic and genomic methods (compare Fig. 2.11B with Figs. 2.2H and 2.3E).

robo1robo1DIg1 is not able to rescue midline repulsive function
To test whether our CRISPR-based Robo1DIg1 variant could restore midline repulsion, we
looked at the VNC of homozygous embryos carrying two copies of the modified robo1 allele.
These embryos were stained with an antibody against FasII to label the glycoprotein tag along a
subset of the longitudinal axon pathways where Robo1 is expressed. In wild-type embryos,
these distinct longitudinal pathways do not cross the midline, as seen in the heterozygous
embryo carrying one copy of endogenous robo1 (Fig. 2.11C). However, in robo11, FasII-positive
axons will ectopically cross and re-cross the forming characteristic roundabouts at the midline.
We previously showed that inducing expression of Robo1DIg1 via UAS/GAL4 misexpression
and our genomic rescue construct (Brown, Reichert, & Evans, 2018; Reichert, Brown, & Evans,
2016; Spitzweck et al., 2010) perfectly phenocopied the robo11 null mutant whereby axons
would cross the midline ectopically in every segment. As expected, the CRISPR/Cas9 produced
robo1robo1DIg1 variant yields similar results (compare Fig. 2.11D with Figs. 2.2D and 2.8D).
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Figure 2.11

Figure 2.11. CRISPR made Robo1DIg1 cannot rescue midline repulsion in a robo1
background.
Stage 16 Drosophila embryos stained with anti-HRP(magenta) and either anti-HA (A-B) or antiFasII (C-D) (green). Lower images of A-B show HA channel alone; lower images of C-D show
FasII channel alone from the same embryos. Heterozygous embryos carrying one endogenous
robo1 gene and one copy of the robo1robo1DIg1 transgene exhibit wildtype morphology, where the
transgene is properly expressed, localized to longitudinals and absent from commissures in A,
and there are no instances of FasII-positive axons ectopically crossing the midline (C).
However, embryos carrying two copies of the transgene phenocopy a robo1 null mutant. The
transgene is no longer solely expressed on longitudinals and the anterior and posterior
commissures of each segment are not distinct, despite robo1DIg1 being properly trafficked to
the axon surface (B). Additionally, FasII-positive axons ectopically cross the midline in every
segment, forming characteristic roundabouts (D).
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DISCUSSION
We have examined the functional importance of each of the five immunoglobulin-like (Ig)
domains of the Drosophila Robo1 axon guidance receptor. We deleted each Ig domain
individually and examined the effects on Robo1’s ability to bind its ligand Slit, on expression and
localization of Robo1 in the embryonic CNS, and on Robo1’s ability to regulate midline repulsion
in vivo. Our results suggest that Ig1 is the only immunoglobulin-like domain in Drosophila Robo1
that is indispensable for its midline repulsive activity. Deleting any of the other four Ig domains
individually does not alter the structure or conformation of Robo1 in a way that interferes with
Slit binding in vitro or repulsive signaling in vivo. This is consistent with recent evidence that
deleting Ig2 from Robo2 does not interfere with its ability to bind Slit or signal midline repulsion
(Evans et al., 2015) and supports a modular view of Robo1 ectodomains wherein individual Ig
domains can function independently to promote distinct molecular events (e.g. ligand binding)
and cellular outcomes (e.g. axon repulsion) (Evans & Bashaw, 2010).

Robo1 Ig domains are not individually required for protein stability or axonal localization
Deleting any of the five Ig domains did not significantly disrupt the expression or axonal
localization of Robo1 in embryonic neurons, suggesting no large effects on protein stability or
folding (Fig. 2.6B-G). HA expression in wild-type embryos carrying each of the Ig deletion
variants was largely indistinguishable from full-length HA-tagged Robo1, or endogenous Robo1
protein expression, with the exception of Robo1∆Ig3. This variant displayed axonal expression
levels that were roughly equivalent to full-length Robo1 and the other Ig deletion variants, but
was also detectable at increased levels within neuronal cell bodies (Fig. 2.6E). Notably,
Robo1∆Ig3 did not appear to localize to the cell body plasma membrane, but remained within
intracellular puncta, presumably vesicles within the protein synthesis and transport pathway.
The levels of axonal Robo1∆Ig3 appear to be sufficient for normal signaling activity, as this
variant rescued midline repulsion equally as well as the other Ig deletion variants (Fig. 2.8F).
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All five Robo1 Ig deletion variants were cleared from commissures when expressed in
otherwise wild-type embryos, and we did not observe any obvious gain of function or dominant
negative effects caused by their expression, as the axon scaffold appeared normal in embryos
carrying two copies of any of the five rescue transgenes when visualized with anti-HRP antibody
staining (Fig. 2.7C-G).

Does Ig2 contribute to Slit binding or midline repulsion?
Notably, Robo1∆Ig2 was the only deletion variant (other than Robo1∆Ig1) whose ability to
rescue robo1 mutants was significantly different than full-length Robo1, suggesting that Ig2 may
contribute to Slit binding and/or repulsive signaling, though to a lesser extent than Ig1 (Fig.
2.8E). Previous in vitro experiments suggested that Ig2 is required for Slit binding by human
Robo1 (Z. Liu et al., 2004), while other experiments suggested that Ig2 does not contribute to
Slit binding (Fukuhara et al., 2008; Morlot et al., 2007). While we did not detect any qualitative
differences in Slit binding between full-length Robo1 and Robo1∆Ig2 in our cell culture-based
experiments (Fig. 2.5B,D), perhaps a quantitative difference in Slit affinity might be detected
using more sensitive assays (Evans & Bashaw, 2010; Fukuhara et al., 2008; Howitt et al., 2004;
Morlot et al., 2007). Even if Ig2 does not directly contribute to Slit binding, it may help to stabilize
or enhance interactions with Slit or heparin, which forms a ternary complex with Slit and Robo
and contributes to Slit-Robo signaling (Hussain et al., 2006; Johnson et al., 2004; Smart et al.,
2011; Steigemann et al., 2004). In previous studies, site-specific mutations of evolutionarily
conserved residues in Ig2 of Drosophila Robo1 had minor effects on binding of Slit or heparin to
Robo1 in vitro (Fukuhara et al., 2008); perhaps this could account for the slight but significant
reduction in midline repulsive activity of our Robo1∆Ig2 variant.
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Signaling mechanisms of Robo family receptors
Robo family receptors are transmembrane proteins which lack intracellular catalytic domains,
and the mechanisms through which they signal axon repulsion are not well characterized.
Although it is known that cytoplasmic effector proteins are recruited to the Robo1 cytodomain
upon Slit binding (Fan et al., 2003; Yang & Bashaw, 2006) and that proteolytic processing and
endocytosis of Robo1 are necessary for repulsive signaling (Coleman et al., 2010; Chance,
2015), it is unknown whether ligand binding induces a change in multimerization state, or some
other type of conformational change in order to trigger downstream signaling events. It is also
unknown how (or even whether) the extracellular domains apart from Ig1 contribute to the
signaling mechanism(s). Perhaps Ig domains 2-5, though not individually required for midline
repulsion, serve as “spacers” to position the Slit-binding Ig1 domain at a particular distance from
the cell membrane or to facilitate a particular conformational change within the ectodomain upon
Slit binding. If this is the case, the requirement must not be a strict one because we can delete
any single Ig domain in between Ig1 and the transmembrane region without severely
compromising Robo1’s ability to signal. It will be interesting to determine how many, or what
combination of Ig domains can be removed without disrupting midline repulsive signaling. This
question will be addressed in Chapter Three. In vitro structural studies will likely be required (for
example, a structural comparison of the entire Robo1 ectodomain in liganded and unliganded
states) to fully understand how each domain contributes to Slit-dependent signaling.

Evolutionary conservation of Robo receptor Ig domains
Nearly all Robo family receptors share Drosophila Robo1’s 5 Ig + 3 Fn ectodomain structure.
The Ig1 domain of Drosophila Robo1 is absolutely required for Slit binding and midline repulsive
activity in vivo (Brown et al., 2015); Ig1 domains in other Robo receptors appear to have equally
important roles in Slit binding (Evans et al., 2015; Fukuhara et al., 2008; Morlot et al., 2007). In
contrast, Ig domains 2-5 appear to be individually dispensable for Slit binding and midline
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repulsive activity, at least in the case of Drosophila Robo1. If the other four Ig domains are
dispensable for midline repulsion, why are they so strongly evolutionarily conserved? One
possibility is that they are required for signaling by Robo1 in contexts other than midline
repulsion of axons, for example embryonic muscle migration (Kramer, Kidd, Simpson, &
Goodman, 2001), migration of embryonic chordotonal sensory neurons (Kraut & Zinn, 2004), or
guidance and targeting of dendrites (Brierley, Blanc, Reddy, VijayRaghavan, & Williams, 2009;
Dimitrova, Reissaus, & Tavosanis, 2008; Furrer, Vasenkova, Kamiyama, Rosado, & Chiba,
2007; Godenschwege et al., 2002; Mauss, Tripodi, Evers, & Landgraf, 2009), or for midline
repulsion of axons in other developmental stages or tissues not examined here, for example
gustatory receptor neurons in the adult (Mellert, Knapp, Manoli, Meissner, & Baker, 2009).
Another possibility is that one or more of these domains are required for regulation by Robo2,
which inhibits Slit-Robo1 repulsion to promote midline crossing (Evans et al., 2015). Robo2dependent defects in midline crossing are evident only when attractive Netrin-Frazzled signaling
is also compromised in robo2 mutants (Evans et al., 2015; Spitzweck et al., 2010), so we would
not necessarily expect to observe a decrease in midline crossing if any of our Robo1 Ig deletion
variants were insensitive to Robo2. Studies shown in Chapter Four will examine the effects of
misexpressing Robo2 or removing fra function in each of the rescue backgrounds described
here, which may provide further insight into how Robo2 inhibits Robo1 to promote midline
crossing of commissural axons.
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CONCLUSIONS
We have described here a systematic functional analysis of all five immunoglobulin-like domains
in the Drosophila Robo1 axon guidance receptor. This work is the first in vivo study of the
functional importance of Robo1 Ig domains other than the Slit-binding Ig1 domain. We have
shown that Ig domains 2-5 are not required for Slit binding, and that despite their strong
evolutionary conservation, Ig 2-5 are individually dispensable for Drosophila Robo1’s in vivo role
in regulating midline repulsion in the embryonic CNS. These observations indicate that Ig1 is the
only Ig domain in Drosophila Robo1 that is uniquely required for midline repulsion, and suggest
that the mechanism by which Robo1 signals axon repulsion is not strictly dependent on the
evolutionarily conserved 5 Ig + 3 Fn ectodomain structure that is characteristic of Robo family
receptors.
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CHAPTER THREE
Investigating the Fn repeats and minimal ectodomain coding region necessary for Robo1
mediated repulsion
Parts of this chapter were published in Brown et al., 2018
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ABSTRACT
The repellant ligand Slit and its Roundabout (Robo) family receptors regulate many aspects of
axon guidance in bilaterians, including midline crossing of axons during development of the
embryonic CNS. Slit proteins are produced by midline cells and signal through Robo receptors
expressed on the surface of axonal growth cones to repel axons from the midline. Disruption of
Slit-Robo signaling causes ectopic midline crossing phenotypes in the CNS of a broad range of
animals, including insects and vertebrates.
Drosophila Robo1 has a conserved ectodomain structure of five immunoglobulin-like (Ig)
domains plus three fibronectin (FN) repeats. We have previously shown that the Ig1 domain is
the only Ig essential for Robo1’s midline repulsive activity in the Drosophila embryonic CNS,
however, little is known about the importance of the three evolutionarily conserved Fn repeats.
We have individually deleted each of Drosophila Robo1’s three Fn repeats, and then tested
these Robo1 variants in vitro to determine their ability to bind Slit in cultured Drosophila cells
and in vivo to investigate the requirement for each domain in regulating Robo1’s embryonic
expression pattern, axonal localization, and midline repulsive function. We demonstrate that the
Fn repeats are not required for Robo1 to bind Slit or for proper expression of Robo1 in
Drosophila embryonic neurons. When expressed in a robo1 mutant background, these variants
are able to restore midline repulsion to an extent equivalent to full-length Robo1. Our results
indicate that each of the Drosophila Robo1 Fn repeats are individually dispensable for the
protein’s role in midline repulsion, despite the evolutionarily conserved “5 + 3” protein structure.
We further test how much of the receptor is required for Robo1’s midline repulsive
function, by using a genomic rescue construct based on endogenous robo1 regulatory regions
to restore expression of Robo1DIg2-5, Robo1DFN1-3, and Robo1DIg2-FN3 in embryonic
neurons of robo1 mutants.
We find that making individual Fn deletions or combinatorial deletions of either the Ig
domains (Ig2-5) or the FN repeats (FN1-3) does not disrupt slit binding or midline repulsion. But,
92

when the two combinatorial deletions are combined (Ig2-FN3), so that only the Ig1 domain
remains, midline repulsion is not completely restored to that of wild-type embryos. Interestingly,
unlike Robo1DIg1, Robo1DIg2-FN3 is still able to bind Slit indicative of another factor influencing
the protein’s in vivo function. Furthermore, we find that while the Ig2-5 variant demonstrates
proper downregulation, the FN1-3 and Ig2-FN3 variants are insensitive to both Comm and
Robo2, signifying a novel regulatory role for Robo1’s FN repeats.
While our previous data suggests that only Robo1’s Ig1 domain is individually required
for the receptor’s midline repulsive function in vivo, we now report that the Ig1 domain by itself is
insufficient to rescue midline repulsion despite being properly trafficked to axons. This partial
rescue phenotype of Robo1DIg2-Fn3 provides insight into the potential signaling mechanisms of
Robo1 independent of Slit binding.
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BACKGROUND
As the nervous system develops in animal embryos, connections are formed between neurons
and other cells via axon guidance. During this process, neurons extend axons through the
embryo to form synaptic connections with target cells. In animals with bilateral symmetry,
including humans and insects such as the fruit fly Drosophila melanogaster, it is critical for each
axon to correctly decide whether to remain on its own side of the body or cross the midline to
connect with cells on the contralateral side of the body (Evans & Bashaw, 2010). Many axons
need to cross the midline in order to innervate the opposite side of the body and carry out
proper motor functions, necessitating precise temporal regulation of signaling pathways
regulating midline attraction and repulsion. Misregulation of midline crossing can lead to a
number of neurodevelopmental disorders in humans, including mirror movement synkinesis and
horizontal gaze palsy (Izzi & Charron, 2011; Nugent, Kolpak, & Engle, 2012).

Slit-Robo signaling in Drosophila
The Slit-Robo pathway is an evolutionarily conserved cellular signaling pathway that regulates
midline crossing of axons in the developing CNS in bilaterians, including insects, nematodes,
planarians, and vertebrates (Evans & Bashaw, 2012; Kidd et al., 1998a; Li, Yu, Zhou, Zhao, Liu,
Cui, & Liu, 2016a; 2016b; Long et al., 2004; Zallen, Yi, & Bargmann, 1998). The secreted Slit
protein is expressed at the CNS midline and is the canonical ligand for the Drosophila Robo
family of axon guidance receptors, which signal midline repulsion in response to Slit (Brose et
al., 1999; Kidd, Bland, & Goodman, 1999). A series of structure/ function studies determined
that the biochemical interactions between Slit and Robo rely on the leucine-rich repeat (LRR)
region of Slit, specifically the LRR2 (D2) domain, binding to the Ig1 and Ig2 domains of Robo
receptors (Chen, Dupuis, Wu, & Rao, 2001; Howitt, Clout, & Hohenester, 2004; Z. Liu et al.,
2004). Further biochemical structure studies suggest that Slit specifically binds to the Ig1
domain of Robo receptors in both insects and mammals (Fukuhara, Howitt, Hussain, &
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Hohenester, 2008; Morlot et al., 2007). In wild-type Drosophila embryos, Robo1 is expressed at
high levels on ipsilateral axons that do not cross the midline, and is nearly undetectable on
commissural axons that do cross the midline. In robo1 mutants, ectopic midline crossing is
observed in which FasII-positive longitudinal axons of the medial pathway cross the midline, and
commissural axons cross and recross the midline multiple times (Kidd, Russell, Goodman, &
Tear, 1998b). In slit mutants, an even more severe disruption of midline repulsion is observed:
axons enter the midline and fail to leave it, collapsing the longitudinal pathways of the axon
scaffold (Kidd et al., 1999). We have previously reported an in vivo structure/function study of
Drosophila Robo1’s five Ig domains, which confirmed that Ig1 is the only Ig domain essential for
Slit binding as well as the receptor’s midline repulsive function in the fly embryonic CNS (Brown,
Reichert, & Evans, 2015; Reichert, Brown, & Evans, 2016).

Temporal regulation of Robo1 in the developing embryonic CNS
Comm protein is present as a means to negatively regulate Robo1 and allow commissural
axons to initially cross the midline once to innervate a target on the contralateral side of the
body. Comm expression is transient and functions by endosomal sorting to prevent Robo1 from
reaching the growth cone surface (Keleman et al., 2002; Keleman, Ribeiro, & Dickson, 2005).
When both Comm and Robo1 are present, they are colocalized in vesicles targeted for
lysosomal degradation by Comm’s cytoplasmic targeting sequence (Gilestro, 2008). The little
Robo1 that circumvents this fate and makes it to the plasma membrane is subject to inhibition
by Robo2, thus preventing a premature response to Slit (Evans, Bashaw, Santiago, & Arbeille,
2015). After crossing, comm expression is terminated and Robo1 protein is able to accumulate
on growth cones to prevent ipsilateral axons from crossing and commissural axons from
recrossing the midline inappropriately.
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Several factors have been implicated in aiding Robo1 recovery from this strong
inhibition. During early embryogenesis, Canoe (Cno) is expressed in ipsilateral axons, while it is
later expressed in commissural axons that have crossed the midline once (Slovakova, Speicher,
Sanchez-Soriano, Prokop, & Carmena, 2012). This expression pattern, coupled with genetic
interaction and in vitro experiments, indicates a regulatory role for Cno in which it interacts with
Robo1 to enhance the receptor’s localization and midline repulsive function. A recent report
indicates that Mummy (Mmy), a gene that encodes the only known Drosophila uridine
diphosphate-N-acetylglucosamine diphosphorylase, maintains the abundance of all three Robo
receptors on axons (Manavalan, Jayasinghe, Grewal, & Bhat, 2017).

Conserved structure of Robo receptors and the roles of Fn domains
The three Roundabout family members in Drosophila (Robo1, Robo2, and Robo3) share a
conserved 5 + 3 protein structure present in most homologs of the Robo receptor family. This
structure consists of five Ig domains, three Fn type-III repeats, a transmembrane domain, and
two to four conserved cytoplasmic motifs (CC0, CC1, CC2, and CC3) (Bashaw, Kidd, Murray,
Pawson, & Goodman, 2000; Kidd et al., 1998a). The only known Robo family members to
deviate from this characteristic structure are present in the silkworm, Bombyx mori (BmRobo1a
and BmRobo1b), and in vertebrates (Robo4/ Magic Roundabout), where BmRobo1a/b are
missing Ig5 and Fn1 and Robo4 is missing Ig3-5 and Fn1 (Huminiecki, Gorn, Suchting,
Poulsom, & Bicknell, 2002; Li, Yu, Zhou, Zhao, Liu, Cui, & Liu, 2016a). These homologs serve
as a natural means to investigate the functionality of individual domains and suggest that at
least some of the Ig and Fn domains are dispensable for the activities of some Robo receptors
in vivo.
Notably, the mammalian Robo3/Rig-1 receptor does not bind Slit (Zelina et al., 2014) but
instead interacts with the novel ligand NELL2; this interaction is mediated by one or more of
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Robo3/Rig-1’s Fn domains (Jaworski et al., 2015). Fn type-III repeats have been shown to bind
Heparan Sulfate Proteoglycan (HSPG) extracellular matrix proteins (Bencharit et al., 2007),
which are thought to be important for both Netrin/Frazzled attraction and Slit/Robo repulsion.
Although HSPGs have been implicated in regulating both attractive and repulsive signaling at
the midline, and heparin has been shown to interact in a ternary complex with Slit and Robo,
whether or not heparin/HSPG binding by Fn domains contributes to Slit-Robo signaling in vivo is
unclear, and our understanding of the role each Fn domain plays in Drosophila Robo1’s
expression, localization, and midline repulsive function is still lacking (Ahmed et al., 2016;
Fukuhara et al., 2008; Johnson et al., 2004).

An in vivo structure/function analysis of all three Robo1 fibronectin type-III domains
We have previously shown that Ig1 is the only Ig domain of Drosophila Robo1 required for the
receptor to bind Slit and effectively mediate midline repulsion in the embryonic CNS (Brown et
al., 2015; Reichert et al., 2016). However, despite the conserved structure, none of these
domains (Ig1–5) are required for receptor expression, or localization. Are the three Fn repeats
likewise dispensable? Here, we address this question by individually deleting the three Fn
repeats of Robo1, and examine their ability to bind Slit in vitro and characterize in vivo receptor
expression, localization, and midline repulsive function. We find that none of the three Fn
repeats are individually required for the receptor to bind Slit in vitro or regulate midline crossing
in vivo. We also report a unique requirement for Fn3 in the exclusion of Robo1 from
commissures.
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MATERIALS AND METHODS
Molecular biology
Robo1 variant deletions: Individual Robo1 Fn repeat deletions were generated via site-directed
mutagenesis using Phusion Flash PCR MasterMix (Thermo Scientific), and completely
sequenced to ensure no other mutations were introduced. Robo1 deletion variants include the
following amino acid residues, relative to Genbank reference sequence AAF46887: Robo1DFn1
(Q52-P534/I646-T1395); Robo1DFn2 (Q52-T645/Y763-T1395); Robo1DFn3 (Q52-T762/H866T1395); Robo1DIg2-5 (P56-V152/G535-T1395); Robo1DFn1-3 (P56-P534/H866-T1395);
Robo1DIg2-Fn3 (P56-V152/H866-T1395); Robo1DIg2-Fn2 (P56-V152/Y763-T1395);
Robo1DIg3-Fn3 (P56-Q252/H866-T1395); Robo1DIg2-4DFn1-3 (P56-V152/E441-P534/H866T1395). Fn domains have been re-annotated based on revised predictions of beta strand
locations (see Fig. 3.1G).

pUAST cloning: robo1 coding sequences were cloned as BglII fragments into p10UASTattB for
S2R+ cell transfection. All robo1 p10UASTattB constructs include identical heterologous 5′ UTR
and signal sequences (derived from the Drosophila wingless gene) and an N-terminal 3xHA tag.

robo1 rescue construct cloning: Construction of the robo1 genomic rescue construct was
described previously (Brown et al., 2015; Reichert et al., 2016). Full-length and variant Robo1
coding sequences were cloned as BglII fragments into the BamHI-digested backbone. Robo1
proteins produced from this construct include the endogenous Robo1 signal peptide, and the
4xHA tag is inserted directly upstream of the first Ig domain.
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Genetics
The following Drosophila mutant alleles were used: robo11 (also known as roboGA285). The
following Drosophila transgenes were used: P{GAL4-elav.L}3 (elavGAL4), P{10UASComm}86FB (Brown et al., 2015), P{robo1::HArobo1}, P{robo1::HArobo1∆Fn1},
P{robo1::HArobo1∆Fn2}, P{robo1::HArobo1∆Fn3}. Transgenic flies were generated by
BestGene Inc (Chino Hills, CA) using ΦC31-directed site-specific integration into attP landing
sites at cytological position 28E7 (for robo1 genomic rescue constructs). robo1 rescue
transgenes were introduced onto a robo11 chromosome via meiotic recombination, and the
presence of the robo11 mutation was confirmed in all recombinant lines by DNA sequencing. All
crosses were carried out at 25°C.

Slit binding assay
Drosophila S2R+ cells were cultured at 25ºC in Schneider’s media plus 10% fetal calf serum. To
assay Slit binding, cells were plated on poly-L-lysine coated coverslips in six-well plates (Roboexpressing cells) or 75 cm2 cell culture flasks (Slit-expressing cells) at a density of 1-2×106
cells/ml, and transfected with pRmHA3-GAL4 (Klueg, Alvarado, Muskavitch, & Duffy, 2002) and
HA-tagged p10UAST-Robo or untagged pUAST-Slit plasmids using Effectene transfection
reagent (Qiagen). GAL4 expression was induced with 0.5 mM CuSO4 for 24 hours, then Slitconditioned media was harvested by adding heparin (2.5 ug/ml) to Slit-transfected cells and
incubating at room temperature for 20 minutes with gentle agitation. Robo-transfected cells
were incubated with Slit-conditioned media at room temperature for 20 minutes, then washed
with PBS and fixed for 20 minutes at 4ºC in 4% formaldehyde. Cells were permeabilized with
PBS+0.1% Triton X-100, then stained with antibodies diluted in PBS+2mg/ml BSA. Antibodies
used were: mouse anti-SlitC (Developmental Studies Hybridoma Bank [DSHB] #c555.6D, 1:50),
rabbit anti-HA (Covance #PRB-101C-500, 1:2000), Cy3-conjugated goat anti-mouse (Jackson
#115-165-003, 1:500), and Alexa 488-conjugated goat anti-rabbit (Jackson #111-545-003,
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1:500). After antibody staining, coverslips with cells attached were mounted in Aqua-Poly/Mount
(Polysciences, Inc.). Confocal stacks were collected using a Leica SP5 confocal microscope
and processed by Fiji/ImageJ (Schindelin et al., 2012) and Adobe Photoshop software.

Immunohistochemistry
Drosophila embryo collection, fixation and antibody staining were carried out as previously
described (Patel, 1994). The following antibodies were used: FITC-conjugated goat anti-HRP
(Jackson Immunoresearch #123-095-021, 1:100), Alexa Fluor 488-conjugated goat Anti-HRP
(Jackson Immunoresearch #123-545-021, 1:500), mouse anti-Fasciclin II (DSHB #1D4, 1:100),
mouse anti-βgal (DSHB #40-1a, 1:150), mouse anti-HA (Covance #MMS-101P-500, 1:1000),
Cy3-conjugated goat anti-mouse (Jackson #115-165-003, 1:1000). Embryos were genotyped
using balancer chromosomes carrying lacZ markers, or by the presence of epitope-tagged
transgenes. Nerve cords from embryos of the desired genotype and developmental stage were
dissected and mounted in 70% glycerol/PBS. Fluorescent confocal stacks were collected using
a Leica SP5 confocal microscope and processed by Fiji/ImageJ (Schindelin et al., 2012) and
Adobe Photoshop software.
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RESULTS
SECTION ONE: The three Fn repeats are dispensable for Robo1’s midline repulsive
function

Robo1 Fn repeats 1-3 are individually dispensable for Slit binding in cultured Drosophila
cells
The midline repulsive activity of Robo1 relies on the receptor’s ability to bind its ligand Slit. In
our previous investigation of Robo1’s five Ig domains, we determined that Slit binding is
essential to midline repulsion and that only the Ig1 domain is required for this process (Brown et
al., 2015; Reichert et al., 2016). Which, if any, of Robo1’s Fn repeats aid Ig1 in Slit binding and
effectively midline repulsion? To answer this query we completed an in vitro assay formerly
described (Brown et al., 2015; Reichert et al., 2016) in which cultured Drosophila SR2+ cells
were transfected with HA-tagged full-length Robo1 or Robo1 variants missing individual Fn
domains (Fig. 3.1A). These Robo1 variant expressing cells were then treated with Slitexpressing media. S2R+ cells were stained with both anti-HA and anti-Slit to recognize the
transgene expressed within the cells and the Slit bound to the cell surface, respectively. Colocalized staining represents the cell’s, and respective transgene’s, ability to bind Slit. All Robo1
Fn variant transgenes (Robo1DFn1, Robo1DFn2 and Robo1DFn3) are able to bind Slit to the
same degree as a full-length Robo1 protein and are localized properly to the plasma membrane
(Fig. 3.1C-F). Therefore, the Fn repeats are not individually required for Slit-binding or
membrane localization

Robo1 Fn3 is the only domain individually required for exclusion of Robo1 from
commissures in vivo
To test our Robo1 Fn deletion variants in vivo we utilized a genomic rescue construct in which
variant robo1 cDNAs are cloned into a plasmid containing regulatory sequence from the
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Figure 3.1
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Figure 3.1. Deletion of individual Fn domains does not interfere with Robo1’s ability to
bind Slit in cultured Drosophila S2R+ cells.
(A) Schematic of the tested Robo1 variants. (B-F) Cells were transfected with HA-tagged Robo1
variants and treated with Slit-conditioned media. After Slit treatment, cells were stained with
anti-Slit antibody to detect bound Slit (green) and anti-HA antibody to detect HA-tagged Robo1
variants (magenta). Slit binds only weakly to mock-transfected cells (B), but binds robustly to
cells expressing full-length Robo1 (C) or any of the three Fn deletion variants (D-F). (G) Robo1
protein sequence highlighting conserved structural features and illustrating the extent of
individual Fn domain deletions. Fn domains have been re-annotated based on revised
predictions of beta strand locations (annotated above the protein sequence). Beta strand
nomenclature is after Campbell 1994 and Leahy 1996. Amino acids highlighted in red represent
a conserved tryptophan residue in strand B, conserved leucine residue in the E-F loop, and
conserved tyrosine residue in strand F (Leahy 1996). SP, signal peptide; Ig1-5, immunoglobulinlike domains 1-5; Fn, fibronectin type-III repeat; Tm, transmembrane helix; CC, conserved
cytoplasmic motif.
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endogenous robo1 gene (Fig 3.2A) (Brown et al., 2015; Reichert et al., 2016; Spitzweck,
Brankatschk, & Dickson, 2010). These plasmids also contain an attB site to allow ΦC31directed site-specific integration into attP landing sites at the same cytological location (28E7) to
ensure equivalent expression between transgenes.
In wild-type embryos, Robo1 protein is detectable at high levels on longitudinal axons
and cleared from commissures. Transgenic HA-tagged Robo1 protein expressed from our
rescue construct faithfully reproduces this expression pattern (Fig. 3.2C) (Brown et al., 2015;
Reichert et al., 2016). Each of our Robo1 Fn deletion variants was expressed at similar levels to
full-length Robo1 and present on longitudinal axons in embryos carrying the variant transgenes
(Fig. 3.2D-F). However, we noted that Robo1DFn3 is not excluded from commissures to the
same extent as full-length Robo1 or our other Fn deletion variants (Robo1DFn1 and
Robo1DFn2) (compare commissures in Fig. 3.2F to 2C-E). To quantify this observation, we
compared pixel intensities of anti-HA staining for commissural versus longitudinal axons for
each of our four transgenes (Figure 3.2B). We found that HA levels were significantly increased
on commissural axons in embryos expressing Robo1DFn3 compared to embryos expressing
full-length Robo1 (student’s t-test, *p<0.01). This data suggests that Fn3 has a role in
preventing Robo1 from reaching the growth cone surface in midline-crossing commissural
axons, and/or in maintaining its clearance from commissures after midline crossing.
Additionally, we note that while Robo1DFn1 is properly localized to longitudinal axons and
cleared from commissures, it displays elevated levels of punctate expression in neuronal cell
bodies compared to other Robo1 variants (Figure 3.2D). We have previously described a
similar effect of deleting Robo1’s Ig3 domain (Reichert et al., 2016). As with our previously
described Robo1 Ig deletion transgenes, we detected no apparent dominant-negative or gain of
function effects caused by expression of our Robo1 Fn deletion transgenes in otherwise wild-

104

Figure 3.2
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Figure 3.2. Fn domains 1-3 are not required for axonal localization, and deletion of Fn3
increases Robo1 levels on commissures.
(A) Robo1 rescue construct schematic (Brown et al., 2015; Reichert et al., 2016). HA-tagged
robo1 variant cDNAs are inserted between upstream and downstream flanking sequences
which reproduce robo1’s endogenous expression pattern. All transgenes are inserted at the
same landing site to ensure equivalent expression levels (cytological position 28E7). (B)
Average pixel intensity of anti-HA staining on commissural axons normalized to longitudinal
axons for the genotypes shown in (C-F). Pixel intensity was measured for commissural axons at
five locations per embryo and normalized to pixel intensity of longitudinal axons from the same
segment. Normalized commissural expression levels are shown, averaged over three embryos
for each genotype. Each variant was compared to +, robo1::robo1 embryos (C) by a Student’s
T-test, with a Bonferroni correction for multiple comparisons. We detect a statistically significant
increase in relative expression levels on commissural axons in embryos expressing Robo1DFn3
compared to embryos expressing full-length Robo1 (*p<0.01). (C-F) Stage 16 embryos stained
with anti-HA (green) and anti-HRP (magenta) (on top) and HA alone (on bottom). All transgenic
receptors are properly localized on longitudinal axons (arrowhead) and cleared from
commissures (arrows), with the exception of Robo1DFn3, which is present on commissures (F,
arrow with asterisk). Robo1DFn1 expression is elevated within cell bodies compared to other
transgenes (B, arrowhead with asterisk). AC, anterior commissure; PC, posterior commissure.
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type embryos, even in homozygous embryos carrying two copies of any transgene in addition to
two functional copies of the endogenous robo1 gene.

Robo1’s Fn repeats are not individually required for midline repulsion in vivo
Our previous results establish that Slit binding is paramount to Robo1’s in vivo function in
midline repulsion (Reichert et al., 2016). To determine if Fn domains 1-3 aid in repelling axons
from the midline, we isolated our robo1::robo1DFnX transgenes in a robo1 null mutant
background without endogenous Robo1 and quantified their ability to rescue midline repulsion.
Homozygous null mutant embryos displayed proper receptor expression, localized to
longitudinals and excluded from commissures (Fig. 3.3A-C). Consistent with wild-type embryos,
levels of Robo1DFn1 are elevated in neuronal cell bodies (Fig. 3.3B) and Robo1DFn3 embryos
were properly localized to longitudinals but present on commissures (Fig. 3.3D). However, all
variant embryos present a characteristic wild-type scaffold, with none phenocopying the robo1
null mutant scaffold, as did Robo1DIg1. This solidifies that Robo1DFn1, Robo1DFn2, and
Robo1DFn3 are not required for proper expression or midline repulsive signaling, but that Fn3
may play a role in commissural clearance.
To further investigate the ability of our transgenes to rescue midline repulsion in the
absence of endogenous robo1, we quantified ectopic crossing of FasII-positive axons in stage
16 embryos. In wild-type embryos the medial, intermediate and lateral FasII-positive pathways
remain distinct on either side of the midline and do not cross. But in robo1 null mutant embryos,
these FasII-positive axons ectopically cross and re-cross the midline in every segment forming
characteristic roundabouts at the midline for which the receptor was named. By expressing
Robo1DFn1, Robo1DFn2 and Robo1DFn3 in a null mutant background, we found that these
transgenes are able to rescue repulsion to near wild-type levels (Fig. 3.4). These results mirror
our findings for Robo1 domains Ig2-5 that are all able to rescue midline repulsion. To date, the
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Figure 3.3

Figure 3.3. Expression of Robo1 Fn1-3 deletion constructs in robo1 mutant embryos.
(A-D) Stage 16 embryos stained with anti-HA (green) and anti-HRP (magenta). Lower images
show HA channel alone of the same embryos. Expression of full length Robo1 in robo1 mutant
embryos is able to fully restore the wild-type axon scaffold and proper receptor localization on
axons. (B-D) Each of the Robo1 Fn 1-3 variants show this wild-type scaffold with HA present on
longitudinal axons (arrowheads). As in the wild-type background, Robo1DFn1 shows higher
protein expression in neuronal cell bodies (B, arrowhead with asterisk) and Robo1DFn3 protein
is not cleared from commissures (D, arrows with asterisk).
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Figure 3.4
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Figure 3.4. Robo1 Fn1-3 domains are individually dispensable for the receptor’s midline
repulsive function.
(A-F) Stage 16 embryos stained with anti-FasII (green) and anti-HRP (magenta). Lower images
show FasII channel alone of the same embryos. In robo1 mutant embryos, FasII-positive axons
ectopically cross the midline in every segment (B). This phenotype is rescued by a robo1
genomic rescue transgene expressing full length Robo1 (C) or any of the Fn 1-3 Robo1 deletion
variants (D-F). Bar graph shows quantification of ectopic crossing in the genotypes shown (A-F).
Error bars indicate standard error. Each rescue variant was compared to robo11, robo1::robo1
embryos (C) by a Student’s t-test, with a Bonferroni correction for multiple comparisons.
Number of embryos scored for each genotype is shown in parentheses.
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only Robo1 ectodomain element necessary for in vitro Slit binding and in vivo repulsion is the
Ig1 domain.

SECTION TWO: Minimal coding region required for Robo1 function

Robo1DIg2-5, DFn1-3, and DIg2-Fn3 are able to bind Slit in cultured Drosophila cells
While our previous experiments established that all Robo1 ectodomain elements, with the
exception of Ig1, are dispensable for Slit binding, we next sought to determine if a certain
amount of the receptor’s ectodomain must be present to effectively bind slit in vitro and signal
midline repulsion in vivo. To answer this query, we again utilized our in vitro slit binding assay
(Brown et al., 2015; Brown, Reichert, & Evans, 2018; Reichert et al., 2016) to determine
whether deleting domains Ig2-5, Fn1-3 or Ig2-Fn3 together would impede Robo1’s ability to bind
slit in cultured Drosophila SR2+ cells. To that effect we transfected SR2+ cells with HA-tagged
Robo1 variants (Robo1DIg2-5, Robo1DFn1-3 or Robo1DIg2-Fn3). These Robo1 variant
expressing cells were then treated with Slit-expressing media. S2R+ cells were stained with
both anti-HA and anti-Slit to recognize the transgene expressed within the cells and the Slit
bound to the cell surface, respectively. Colocalized staining represents the cell’s, and respective
transgene’s, ability to bind Slit. All Robo1 variant transgenes are able to bind Slit and are
properly localized to the plasma membrane. However, only Robo1DIg2-5 and Robo1DFn1-3
appear to do so to the same degree as a full-length Robo1 protein (Fig. 3.5). The cells
expressing Robo1DIg2-Fn3 demonstrate co-localized staining at the plasma membrane, but to a
weaker degree than the full-length Robo1 or the other variants tested in this study. It is
important to note that this expression is not abolished as it is in the Robo1DIg1 constructs (Fig.
3.5C), indicating that slit can still bind to the Robo1DIg2-Fn3 protein, unlike Robo1DIg1, but not
as effectively.
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Figure 3.5
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Figure 3.5. Robo1 variants containing an Ig1 domain can bind slit in vitro.
Cultured Drosophila cells expressing full-length Robo1 (B) or a version of Robo1 with elements
of its ectodomain deleted (Robo1DIg1 C, Robo1DIg2-5 D, Robo1DFn1-3 E, or Robo1DIg2-Fn3
F, Robo1DIg2-Fn2 G, Robo1DIg3-Fn3 H, Robo1DIg2-4Fn1-3 I) were treated with media
containing Slit. After Slit treatment, Robo1-expressing cells were fixed and stained with
antibodies to detect Robo1 (magenta), and Slit (green). Slit binds strongly to cells expressing
full-length Robo1 and deletion variants D-I) but does not bind to untransfected cells (A) or
Robo1Ig1 (C). However, Slit binding to cells expressing Robo1DIg2-Fn3 (F) does not seem as
strong as the other variants. Schematic of full-length Robo1 receptor and variant deletion
constructs at top right.
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Robo1DIg2-5 is the only construct dispensable for exclusion of Robo1 from commissures
in vivo
As our previous study (Brown et al., 2018) indicated, the Fn3 domain of Robo1 is required for
exclusion of Robo1 from commissural axons. It makes sense then that our combinatorial
Robo1variants lacking this third Fn repeat (Robo1DFn1-3 and Robo1DIg2-Fn3) would also show
Robo1 protein remaining on commissures (Fig. 3.6E-F). To quantify this observation, we again
compared pixel intensities of anti-HA staining for commissural versus longitudinal axons and
found that HA levels were significantly increased on commissural axons in embryos lacking
Robo1 Fn3 compared to embryos expressing full-length Robo1 (student’s t-test, *p<0.01). This
data provides further evidence that Fn3 has a role in preventing Robo1 from reaching the
variants lacking this third Fn repeat (Robo1DFn1-3 and Robo1DIg2-Fn3) would also show
Robo1 protein remaining on commissures (Fig. 3.6E-F). To quantify this observation, we again
compared pixel intensities of anti-HA staining for commissural versus longitudinal axons and
found that HA levels were significantly increased on commissural axons in embryos lacking
Robo1 Fn3 compared to embryos expressing full-length Robo1 (student’s t-test, *p<0.01). This
data provides further evidence that Fn3 has a role in preventing Robo1 from reaching the
growth cone surface in midline-crossing commissural axons, and/or in maintaining its clearance
from commissures after midline crossing.

Robo1DIg2-Fn3 cannot completely rescue midline repulsion in vivo
To investigate the ability of these combinatorial deletion variants to carry out the receptor’s
midline repulsive function, we introduced these transgenes to a robo1 null mutant background
and quantified their ability to prevent axonal ectopic crossing. We then stained with either antiHA or anti-FasII to recognize localization of the transgene or quantify ectopic crossing of the
FasII-positive pathways under control of one of the variants, respectively.
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Figure 3.6. Robo1 Fn3 is required for commissural clearance.
Expression of Robo1 and Robo1 variants in a wild type or robo1 background. Stage 16 embryos
stained with anti-HRP (magenta) and anti-HA (green) antibodies. Bottom images show HA
channel alone from the same embryos. (A) robo1 rescue construct schematic. (C-F) In a wildtype background, HA tagged full-length Robo1 (C), Robo1ΔIg2-5 (D), Robo1ΔFn1-3 (E), or
Robo1ΔIg2-Fn3 (F) proteins expressed from the robo1 rescue transgene are localized to
longitudinal axon pathways (arrowhead). However, Robo1ΔFn1-3 (E) and Robo1ΔIg2-Fn3 (F)
are not excluded from commissural axon segments in the anterior commissure (AC, white arrow
with asterisk) and posterior commissure (PC, black arrow with asterisk) compared to full-length
Robo1(C) and Robo1ΔIg2-5 (D). (B) Quantification of HA pixel intensity.
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When observing expression of Robo1 variants in robo1 mutant embryos, we note that
the deletion of Ig domains (DIg2-5) or Fn repeats (DFn1-3) is able to restore wildtype axon
scaffold morphology to the same degree as full-length Robo1 (Fig. 3.7), where variants are
localized to longitudinal pathways. However, when these two variant deletions are combined
(DIg2-Fn3), leaving only the first Ig domain, the transgene is not able to completely rescue the
scaffold’s morphology (Fig. 3.7D). These variants are localized throughout the scaffold on both
the longitudinal and commissural axons and the distinction between anterior and posterior
commissures within each segment is diminished. However, this not to the same degree as any
previously described Robo1DIg1 mutants (compare Fig 3.7D to 2.7B), suggesting the
Robo1DIg2-Fn3 variant is phenotypically intermediate between the wildtype and robo1 null
mutants.
To investigate the ability of these variants to rescue midline repulsive activity in a robo1
null mutant background, we stained embryos with anti-FasII to quantify ectopic crossing of
FasII-positive axons. In wildtype embryos, these axons remain on their own side of the body
and do not cross the midline (Fig. 3.8A). However, midline repulsion is lost in robo11 null mutant
embryos and FasII-positive axons cross and recross the midline ectopically in every segment
(Fig. 3.8B). Expression of full-length Robo1 (Fig 3.8C), Robo1DIg2-5 (Fig 3.8D), or
Robo1DFn1-3 (Fig 3.8E) is able to completely restore midline repulsive function comparable to
wildtype embryos. Conversely, Robo1DIg2-Fn3 expressing embryos show FasII-positive axons
crossing in sixty percent of abdominal segments (see quantification at right in Fig 3.8).
Phenotypically these axons appear to cross the midline once to the contralateral side of the
body instead of recrossing to form the characteristic roundabouts at the midline (compare Fig
3.8A and 3.8F). Our quantitative and qualitative observation of the ectopic crossing in these
embryos alongside the expression pattern of our HA-tagged Robo1DIg2-Fn3 variant in a robo1
null mutant background, indicate this variant can only partially rescue midline repulsive function.
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Figure 3.7

Figure 3.7. Expression of Robo1 variants in robo1 mutant embryos.
(A–F) Stage 16 robo1 mutant embryos carrying indicated robo1 rescue transgenes, stained with
anti-HRP (magenta) and anti-HA (green) antibodies. Lower images show HA channel alone
from the same embryos. Expression of full-length Robo1 via the robo1 rescue transgene in a
robo1 null mutant (A) restores the wild-type structure of the axon scaffold. Each of the
combinatorial Ig (DIg2-5) and Fn (DFn1-3) deletion variants restore axon scaffold morphology to
a similar extent as full-length Robo1 (B-C). However, when the two variant deletions are
combined (Robo1DIg2-Fn3) the transgene is not able to completely restore the scaffold (D,
arrows with asterisk). In the absence of endogenous robo1, all of the variants are localized to
the longitudinal pathways as in wild-type embryos (arrowheads) and excluded from the anterior
and posterior commissures (arrows in A-C), with the exception of Robo1∆Ig2-Fn3 (D, arrows
with asterisks). As in wild-type embryos, Robo1∆Ig2-5 displays elevated expression levels in
neuronal cell bodies compared to the other Robo1 variants (B, arrowhead with asterisk), this
confirms the expression levels observed in Robo1DIg3 mutants [compare to Figure 2.7E].
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Figure 3.8
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Figure 3.8. Robo1 with only its Ig1 domain can partially rescue midline repulsive activity.
Robo1ΔIg2-Fn3 cannot rescue midline crossing defects in robo1 mutants. (A-F) Stage 16
embryos stained with anti-HRP (magenta) and anti-FasII (green) antibodies. Lower images
show FasII channel alone for the same embryos. FasII-positive axons cross the midline
inappropriately in every segment in robo1 null mutants (B, arrow with asterisk). This phenotype
is completely rescued by the robo1 genomic rescue transgenes expressing full-length Robo1
protein (C) and Robo1 variant deletions Ig2-5 (D) and Fn1-3 (E), but is not completely rescued
by the transgene expressing Robo1ΔIg2-Fn3 (F, arrow with asterisk). Bar graph at top right
indicates instances of ectopic crossing. Although ectopic crossing is seen in most abdominal
segments of these embryos, the ectopic crossing phenotype is less severe than robo1 mutants
(B) in that the axons do not form characteristic roundabouts at the midline. Bar graph shows
quantification of ectopic midline crossing in the genotypes shown in (A-F). Error bars indicate
standard error. The extent of rescue for each Ig deletion variant (D-F) was compared to robo11,
robo1::robo1 embryos (C) by Student’s t-test, with a Bonferroni correction for multiple
comparisons (*p<0.01 compared to robo11, robo1::robo1).
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SECTION THREE: Steric hindrance: A potential mechanism behind Robo1DIg2-Fn3’s
partial rescue

We have previously shown that all ectodomain elements, with the exception of Ig1, are
individually dispensable for Robo1’s midline repulsive function in vivo. Why then is a Robo1
variant possessing solely Ig1 only able to rescue midline repulsion by forty percent? What
potential factor could be limiting complete rescue in these embryos? One of the simplest
hypotheses to explain this query is steric hindrance. Previous interaction studies have shown
that Sit is able to form a dimer when binding to Robo1 (Alavi et al., 2016). And it is unknown
whether ligand binding induces a change in multimerization state, or some other type of
conformational change in order to trigger downstream signaling events. Perhaps Robo1
containing only its Ig1 domain sitting 46AA from the plasma membrane is not able to form the
intracellular connections necessary with Slit dimers or other factors to properly signal midline
repulsion? To investigate this possibility, we constructed three additional variants where one
native ectodomain element was added back to RoboDIg2-Fn3 [Ig2 (100AA): Robo1DIg3-Fn3,
Ig5(94AA): Robo1DIg2-4DFn1-3, or Fn3 (103AA): Robo1DIg2-Fn2] and tested their ability to
rescue midline repulsion.

Robo1DIg2-Fn2, DIg3-Fn3, and DIg2-4DFn1-3 are able to bind Slit in cultured Drosophila
cells
As we have previously shown Slit binding to be paramount to Robo1’s midline repulsive
function, we first tested these HA-tagged variants’ ability to bind Slit in vitro when transfected
into S2R+ cells. After transfection, the cells were treated with media containing Slit and were
then stained with anti-HA and anti-Slit to observe expression of the Robo1 variant and Slit,
respectively. Merged channels reveals colocalization of this staining and thus Slit binding to the
Robo1 variant (Fig. 3.5G-I). Robo1DIg2-Fn2, DIg3-Fn3, and DIg2-4DFn1-3 are all able to bind
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Slit to a degree comparable to that of full-length Robo1 (Fig. 3.5B) as well as other previously
described variants with the exception of binding to a greater extent than the Robo1DIg1 and
Robo1DIg2-Fn3 (Fig. 3.5C and 3.5F, respectively) variants.

Despite missing six ectodomain elements, steric hindrance variants are properly
expressed and localized in vivo
To observe the expression and localization of the Robo1 steric hindrance variants in vivo, we
used the previously described genomic rescue construct (Brown et al., 2015; 2018; Reichert et
al., 2016) with regulatory sequences from the robo1 locus to recapitulate endogenous
expression (Fig. 3.9A). We found that Robo1DIg2-Fn2 and Robo1DIg3-Fn3 both were
expressed at similar levels to full-length Robo1 and localized to longitudinals. However,
Robo1DIg2-4DFn1-3, seems to have lower levels of expression than the other variants and fulllength Robo1 (compare Fig. 3.9D to A-C). This could potentially be due to this construct
containing two artificial junctions, one between Ig1 and Ig5 and the other between Ig5 and TM,
as opposed to the one artificial junction present in all previously described constructs. In any
case, the transgene was able to strongly bind Slit in vitro (Fig. 3.5I) and is still localized to the
entirety of the longitudinal pathways. We also noted that the steric hindrance variants lacking
the Fn3 domain (Robo1DIg3-Fn3 and Robo1DIg2-4DFn1-3) the transgene remained on
commissures. This provides further evidence that the Fn3 domain of Robo1 is required for the
receptor’s clearance from commissures.

Robo1 Ig1 plus one other ectodomain element can completely rescue midline repulsion
in vivo
We further introduced our Robo1 steric hindrance transgenes into a robo1 null mutant
background to measure their ability to rescue midline repulsive activity when endogenous robo1
is absent. Homozygous null robo1 embryos carrying two copies of either the full-length Robo1
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Figure 3.9

Figure 3.9. Expression of Robo1 steric hindrance variants are properly localized and
expressed on axons.
Expression of Robo1 and Robo1 variants in a wild type or robo1 background. Stage 16 embryos
stained with anti-HRP (magenta) and anti-HA (green) antibodies. Bottom images show HA
channel alone from the same embryos. (A-D) In a wild-type background, HA tagged full-length
Robo1 (A), Robo1ΔIg2-Fn2 (B), Robo1ΔIg3-Fn3 (C), or Robo1ΔIg2-4DFn1-3 (D) proteins
expressed from the robo1 rescue transgene are localized to longitudinal axon pathways
(arrowhead). However, Robo1ΔIg3-Fn3 (C) and Robo1ΔIg2-4DFn1-3 (D) are not excluded from
commissural axon segments in the anterior commissure (AC, white arrow with asterisk) and
posterior commissure (PC, black arrow with asterisk) compared to full-length Robo1(A) and
Robo1ΔIg2-Fn2 (B). Additionally, expression of the Robo1ΔIg2-4DFn1-3 transgene is
diminished on axons compared to full-length Robo1 and the other Robo1 deletion variants
(compare D to A-C).
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or steric hindrance rescue transgene exhibited a wild-type axon scaffold, and transgenic HAtagged Robo1 protein was properly localized to axons (Fig. 3.10). Again, full-length Robo1 and
Robo1DIg2-Fn2 were excluded from commissural segments, while Robo1DIg3-Fn3 and
Robo1DIg2-4DFn1-3 were not. We found that expression of any of the steric hindrance variants
was able to restore wildtype axon scaffold morphology, despite the poor expression of
Robo1 DIg2-4DFn1-3.
To determine if adding back one native domain to Robo1DIg2-Fn3 can fully restore
midline repulsion, we quantified ectopic midline crossing of FasII-positive axons in each rescue
background. As previously reported, Robo1DIg2-Fn3 could only partially rescue midline
repulsion in a robo1 null mutant background with FasII-positive axons crossing ectopically in
60% of segments (Fig. 3.8F). However, adding back one domain to place an approximately
94AA spacer between Ig1 and the TM domain is enough to completely rescue midline repulsion
to near-wildtype levels in all three variants (Fig. 3.11).
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Figure 3.10

Figure 3.10. Expression of Robo1 steric hindrance variants in robo1 mutants.
(A–D) Stage 16 robo1 mutant embryos carrying indicated robo1 rescue transgenes, stained with
anti-HRP (magenta) and anti-HA (green) antibodies. Lower images show HA channel alone
from the same embryos. Expression of full-length Robo1 via the robo1 rescue transgene in a
robo1 null mutant (A) restores the wild-type structure of the axon scaffold. Each of the steric
hindrance deletion variants Robo1ΔIg2-Fn2 (B), Robo1ΔIg3-Fn3 (C), or Robo1ΔIg2-4DFn1-3
(D) restore axon scaffold morphology to a similar extent as full-length Robo1. Despite, poor
expression of the Robo1ΔIg2-4DFn1-3 variant. In the absence of endogenous robo1, all of the
variants are localized to the longitudinal pathways as in wild-type embryos (arrowheads) and
excluded from the anterior and posterior commissures (arrows in A-B), again with the exception
of Robo1ΔIg3-Fn3 (C) or Robo1ΔIg2-4DFn1-3 (D) (arrows with asterisks).
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Figure 3.11

130

Figure 3.11. Robo1 plus one other native domain restores midline repulsive activity.
(A-F) Stage 16 embryos stained with anti-HRP (magenta) and anti-FasII (green) antibodies.
Lower images show FasII channel alone for the same embryos. FasII-positive axons cross the
midline inappropriately in every segment in robo1 null mutants (B, arrow with asterisk). This
phenotype is completely rescued by the robo1 genomic rescue transgenes expressing fulllength Robo1 protein (C). While the transgene expressing Robo1ΔIg2-Fn3 (D, arrow with
asterisk), the addition of one ectodomain (Fn3 E, Ig2 F, or Ig5 G) to Ig1 is enough to fully
restore midline repulsion (E-G). Bar graph at top right indicates instances of ectopic crossing in
the genotypes shown in (A-G). Error bars indicate standard error. The extent of rescue for each
Ig deletion variant (D-G) was compared to robo11, robo1::robo1 embryos (C) by Student’s t-test,
with a Bonferroni correction for multiple comparisons (*p<0.01 compared to robo11,
robo1::robo1).
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DISCUSSION
Evolutionarily conserved Robo1 protein structure
Most members of the Roundabout family have a conserved “5+3” protein structure with an
ectodomain consisting of five immunoglobulin-like (Ig) domains and three fibronectin (Fn) typeIII repeats. The two known exceptions to this characteristic structure are Robo1a/b in the
silkworm Bombyx mori (which lack Ig5 and Fn1) (Li, Yu, Zhou, Zhao, Liu, Cui, & Liu, 2016a) and
Robo4/Magic Roundabout in vertebrates (which lacks Ig3, Ig4, Ig5, and Fn1) (Huminiecki et al.,
2002). Together with our previously described Ig deletion variants (Brown et al., 2015; Reichert
et al., 2016), the Fn deletion variants described here reveal that none of these domains are
individually required for Drosophila Robo1’s role in regulating midline crossing. In fact we found
that, other than Ig1, all of the ectodomain elements are individually dispensable for the
receptor’s midline repulsive function. Why then do most Robo1 homologs retain these
conserved ectodomain elements? One possibility is that these elements function in a role
outside of midline repulsion focused on here. Outside of midline repulsion, Drosophila Robo1
regulates guidance and targeting of dendrites in the embryo and adult, embryonic muscle
migration, embryonic chordotonal sensory neuron migration, and midline crossing of gustatory
receptor neurons in the adult fly (Dimitrova, Reissaus, & Tavosanis, 2008; Godenschwege et
al., 2002; Kramer, Kidd, Simpson, & Goodman, 2001; Kraut & Zinn, 2004; Mellert, Knapp,
Manoli, Meissner, & Baker, 2009; Rebecca K Chance, 2015). As the in vivo mechanisms of
these roles are not well understood, perhaps Ig2-Fn3 ectodomain elements of Robo1 aid in
these functions by playing either a singular or cooperative role outside of the axon guidance
mechanism studied here.
However, we note that Ig1 alone is not sufficient to restore midline repulsion in robo1 null
mutants. Rather a certain amount of space is required between Ig1 and the plasma membrane.
As evidenced by the rescue shown in our Robo1DIg2-4DFn1-3 variant, the smallest distance
required is 94AA. However, as both Ig domains and Fn repeats consist of Beta sheets that will
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fold to contribute to the protein’s final conformation, the ultimate distance between Ig1 and the
plasma membrane might be shorter than a linear sequence of 94AA. Additional experiments will
be necessary to further narrow down the minimal spacer region required for Ig1 to properly
signal midline repulsion.

Does cleavage by Kuzbanian contribute to commissural clearance?
The current model for Robo1-dependent midline repulsive signaling is that the receptor binds its
canonical ligand Slit at the midline and is cleaved by the metalloprotease Kuzbanian (Kuz). This
cleavage event results in shedding the Robo1 ectodomain and presumably a conformational
change that activates and allows the remainder of the receptor to be endocytosed to further
interact with downstream effectors crucial to its repulsive function. Unfortunately, the site which
Kuz targets and cleaves on Robo1 remains unknown. However, from the way in which Kuz
cleaves Notch (Pan & Rubin, 1997; Weber & Saftig, 2012) and its vertebrate homolog ADAM10
cleaves human ROBO1 (Seki et al., 2010), one can infer that the metalloprotease would cleave
Robo1 somewhere within the extracellular juxtamembrane (JM) region. Interestingly, Coleman
et al. were only able to create an uncleavable form of Robo1 (RoboU) by swapping all three Fn
repeats and the JM with the corresponding domains of Frazzled (Coleman, Labrador, Chance,
& Bashaw, 2010). Leading one to conclude that the site of cleavage lies within one of the Fn
repeats or the JM. Is Kuz cleaving Robo1 within Fn3?
Here we report the increased presence of Robo1 variants lacking Fn3 (Robo1DFn3,
Robo1DFn1-3, Robo1DIg2-Fn3, Robo1DIg3-Fn3 and Robo1DIg2-4DFn1-3) on commissures
when compared to full-length Robo1 or other Robo1 deletion variants. The prevailing model
would suggest that commissural clearance is a byproduct of Comm’s endosomal sorting role
(Dickson & Gilestro, 2006). However, when Robo is unable to interact with Comm in this
manner, the sorting defective Robo (RoboSD) is completely cleared from commissures (Gilestro,
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2008). This result could be indicative of Comm operating by distinct mechanisms to
endosomally sort and clear Robo1 from commissures or that commissural clearance is the
result of another regulatory mechanism entirely. If ectodomain shedding rather than endosomal
sorting is responsible for the receptor’s commissural clearance, our Fn3 variant deletions may
allude to an inability of Robo1 to be properly cleaved by Kuz. Further ectodomain shedding
experiments with our DFn3 variants will be required to test the exact site of Kuz cleavage and
whether it correlates to the commissural clearance of Robo1.
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CONCLUSIONS
In this chapter we have investigated the individual functional importance of all three Fn type-III
repeats of Drosophila Robo1, the minimal coding region of Robo1 required for midline repulsive
signaling, and investigated steric hindrance as a potential explanation for the partial rescue
phenotype observed in our Robo1DIg2-Fn3 variant. Our results indicate that Fn3 is the only
ectodomain element necessary for commissural clearance, while all three Fn domains are
individually dispensable for Slit binding in vitro and midline repulsion in vivo. Furthermore,
confirming our aforementioned individual deletion data, the combined Ig deletion (DIg2-5) and
Fn deletion (DFn1-3) constructs are dispensable for both Slit binding in vitro and midline
repulsion in vivo. However, Ig1 alone is not sufficient to signal midline repulsion. Our
Robo1DIg2-Fn2, Robo1DIg3-Fn3 and Robo1DIg2-4DFn1-3 variants all reintroduced one native
domain of similar length (103AA, 100AA and 94AA, respectively) to our Robo1DIg2-Fn3 variant
and were all able to restore midline repulsion to near wild-type levels. These results indicate that
due to steric hindrance, Ig1 alone is not sufficient to rescue midline repulsion and requires at
least 140AA between itself and the plasma membrane to elicit proper signaling.
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CHAPTER FOUR
Investigating Comm and Robo2’s ability to regulate variant forms of Robo1
Parts of this chapter were published in Brown et al., 2015, Reichert et al., 2016,
Howard et al., 2017 or Brown et al., 2018
Reichert contributed to the generation of individual Ig deletion variants in the Comm
misexpression background seen in Figure 4.1
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ABSTRACT
Drosophila Robo1 has a conserved ectodomain structure of five immunoglobulin-like (Ig)
domains plus three fibronectin (FN) repeats. We have previously shown that the Ig1 domain is
the only individual ectodomain element essential for Robo1’s midline repulsive activity in the
Drosophila embryonic CNS. We have further shown that making combinatorial deletions of
either the Ig domains (Ig2-5) or the FN repeats (FN1-3) does not disrupt slit binding or midline
repulsion. However, when these two deletions are combined (Ig2-FN3), so that only the Ig1
domain remains, midline repulsion is not completely restored to that of wild-type embryos.
Interestingly, unlike Robo1DIg1, Robo1DIg2-FN3 is still able to bind Slit indicative of another
factor influencing the protein’s in vivo function. Here, we further investigate these combinatorial
deletion variants by expressing them in backgrounds where Commissureless (Comm) or Robo2
are misexpressed to test which, if any, of the ectodomain elements are essential for the
transient downregulation of Robo1.
We find that variants lacking the Fn3 domain (Robo1DFn3, Robo1DFn1-3 and
Robo1DIg2-Fn3) are unable to be downregulated on axons when exposed to Comm
overexpression, indicating a novel role for the Fn3 domain in Comm-dependent downregulation
that could potentially be linked to its aforementioned role in commissural clearance.
Furthermore, we find that Robo1 variants lacking any of the Fn repeats (Robo1DFn1-3 and
Robo1DIg2-Fn3) become insensitive to inhibition by Robo2 and result in a commissureless
scaffold when Robo2 is misexpressed. Since the full-length Robo1 and Robo1DIg2-5 variants
conversely result in copious ectopic crossing events in this misexpression background, we are
confident that the Fn repeats of Robo1 are responsible for transient inhibition by Robo2 that
allows axons to initially cross the midline should they escape endosomal sorting by Comm.
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BACKGROUND
Early Robo1 inhibition allows axons to initially cross the midline
Many axons need to cross the midline in order to innervate the contralateral side of the body
and carry out proper motor functions. This guidance requirement necessitates precise temporal
regulation of Slit-Robo repulsion. In Drosophila pre-crossing commissural axons,
Commissureless (Comm) protein antagonizes Robo1 and limits the amount of the receptor at
the growth cone surface by endosomal sorting (Araújo & Tear, 2003; Gilestro, 2008; Keleman et
al., 2002; Keleman, Ribeiro, & Dickson, 2005; Kidd, Russell, Goodman, & Tear, 1998; Myat et
al., 2002; Seeger, Tear, Ferres-Marco, & Goodman, 1993; Tear et al., 1996). When Comm is
active in early neural development, it is co-localized with Robo1 in vesicles targeted for
lysosomal degradation by Comm’s cytoplasmic targeting sequence (Gilestro, 2008; Myat et al.,
2002). Within commissural neurons, Comm and Robo1, are trafficked through multiple
compartments before reaching the late endosome and ultimately making its way to the
lysosome. If Robo1 fails to co-localize to endosomes and escapes degradation to the growth
cone surface, the receptor is further inhibited by interactions with the Ig1 and Ig2 domains of
Robo2 (Evans, Bashaw, Santiago, & Arbeille, 2015). The binding location on Robo1 for this
inhibitory interaction is still unknown. After crossing, Comm expression is terminated and Robo1
protein is able to return to growth cones and prevent axons from re-crossing the midline
ectopically. However, the specific signal for termination of Comm expression during
development in not yet understood.
Which, if any, of the Robo1 ectodomain elements are crucial to these transient inhibitory
interactions early in development? Here, we investigate this possibility by utilizing UAS-Comm
and UAS-Robo2 lines to introduce our previously described robo1::robo1DX or robo1,
robo1::robo1DX variants to either a Comm or Robo2 misexpression background, respectively.
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MATERIALS AND METHODS
Molecular biology
Robo1 variant deletions: Robo1 domain deletions were generated via site-directed mutagenesis
using Phusion Flash PCR MasterMix (Thermo Scientific), and completely sequenced to ensure
no other mutations were introduced. Robo1 deletion variants include the following amino acid
residues, relative to Genbank reference sequence AAF46887: Robo1∆Ig1 (L153-T1395);
Robo1∆Ig2 (P56-V152/V253-T1395); Robo1∆Ig3 (P56-Q252/P345-T1395); Robo1∆Ig4 (P56P344/E441-T1395); Robo1∆Ig5 (P56-D440/G535-T1395); Robo1DFn1 (Q52-P534/I646-T1395);
Robo1DFn2 (Q52-T645/Y763-T1395); Robo1DFn3 (Q52-T762/H866-T1395); Robo1DIg2-5
(P56-V152/G535-T1395); Robo1DFn1-3 (P56-P534/H866-T1395); Robo1DIg2-Fn3 (P56V152/H866-T1395); Robo1DIg2-Fn2 (P56-V152/Y763-T1395); Robo1DIg3-Fn3 (P56Q252/H866-T1395); Robo1DIg2-4DFn1-3 (P56-V152/E441-P534/H866-T1395). Fn domains
have been re-annotated based on revised predictions of beta strand locations (see Fig. 3.1G).

Genetics
The following Drosophila mutant alleles were used: robo11 (also known as roboGA285). The
following Drosophila transgenes were used: P{GAL4-elav.L}3 (elavGAL4), P{UAS-CommHA},
P{10UAS-HARobo2}86Fb (Evans et al., 2015), P{robo1::HArobo1}, P{robo1::HArobo1∆Ig1},
(Brown et al., 2015), P{10UAS-Comm}86FB, P{robo1::HArobo1∆Ig2}, P{robo1::HArobo1∆Ig3},
P{robo1::HArobo1∆Ig4}, P{robo1::HArobo1∆Ig5}, (Reichert et al., 2016),
P{robo1::HArobo1∆Fn1}, P{robo1::HArobo1∆Fn2}, P{robo1::HArobo1∆Fn3} (Brown et al.,
2018), P{robo1::HArobo1∆Ig2-5}, P{robo1::HArobo1∆Fn1-3}, and P{robo1::HArobo1∆Ig2-Fn3}.
Transgenic flies were generated by BestGene Inc (Chino Hills, CA) using ΦC31-directed sitespecific integration into attP landing sites at cytological position 28E7 (for robo1 genomic rescue
constructs). robo1 rescue transgenes were introduced onto a robo11 chromosome via meiotic
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recombination, and the presence of the robo11 mutation was confirmed in all recombinant lines
by DNA sequencing. All crosses were carried out at 25°C.

Immunofluorescence and imaging
Drosophila embryo collection, fixation and antibody staining were carried out as previously
described (Patel, 1994). The following antibodies were used: FITC-conjugated goat anti-HRP
(Jackson Immunoresearch #123-095-021, 1:100), Alexa Fluor 488-conjugated goat Anti-HRP
(Jackson Immunoresearch #123-545-021, 1:500), mouse anti-Fasciclin II (DSHB #1D4, 1:100),
mouse anti-βgal (DSHB #40-1a, 1:150), mouse anti-HA (Covance #MMS-101P-500, 1:1000),
rabbit anti-HA (Covance #PRB-101C-500; 1:2000), Alexa Fluor 647 goat anti-rabbit (Jackson
#123-605-021; 1:500), Cy3-conjugated goat anti-mouse (Jackson #115-165-003, 1:1000).
Embryos were genotyped using balancer chromosomes carrying lacZ markers, or by the
presence of epitope-tagged transgenes. Nerve cords from embryos of the desired genotype and
developmental stage were dissected and mounted in 70% glycerol/PBS. Fluorescent confocal
stacks were collected using a Leica SP5 confocal microscope and processed by Fiji/ImageJ
(Schindelin et al., 2012) and Adobe Photoshop software.
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RESULTS
SECTION ONE: Comm-dependent downregulation of Robo1

Robo1 Fn3 is required for Comm-dependent endosomal sorting
In Drosophila, Comm serves as a negative regulator to the Slit-Robo1 pathway by preventing
newly-synthesized Robo1 protein from reaching the surface of axonal growth cones. This allows
axons to cross the midline and innervate a target on the opposite side of the body (Gilestro,
2008; Keleman et al., 2002; 2005; Kidd, Russell, Goodman, & Tear, 1998b). To determine
whether Robo1’s ectodomain elements are individually dispensable for Comm-dependent
regulation, we used the GAL4/UAS system to force high levels of ectopic Comm expression in
embryos carrying each of our Robo1 deletion variants [robo1::robo1, robo1::robo1ΔIg1,
robo1::robo1ΔIg2, robo1::robo1ΔIg3, robo1::robo1ΔIg4, robo1::robo1ΔIg5, robo1::robo1ΔFn1,
robo1::robo1ΔFn2, robo1::robo1ΔFn3] and observed the expression and localization of the
Robo1 variants within the embryonic nerve cord by using anti-HA. Forcing pan-neural Comm
expression in embryos encourages a slit-like axon scaffold collapse and the strong
downregulation of HA-tagged Robo1 variants on axons (Brown et al., 2015; 2018; Gilestro,
2008; Kidd, Russell, Goodman, & Tear, 1998b; Reichert et al., 2016). We found that the levels
of HA-tagged Robo1 protein on axons were strongly reduced in embryos carrying elav-GAL4
and UAS-Comm compared to embryos carrying elav-GAL4 alone in each of our variants, except
for the variant lacking Fn3 (Fig. 4.1). Consistent with down-regulation of both the transgenic and
endogenous Robo1 protein, embryos missing one of the Ig1-Fn2 domains also displayed a
strongly slit-like phenotype reflecting high levels of ectopic midline crossing. Conversely,
Robo1DFn3 is present on neuronal axons in UAS-Comm embryos to the same extent as elavGAL4 alone (compare Fig. 4.1L and 4.1X). These results demonstrate that individually deleting
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Figure 4.1
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Figure 4.1. Robo1’s Fn3 domain is required for Comm-dependent downregulation.
Stage 16 embryos stained with anti-HA (green) and anti-HRP (magenta). Lower images show
HA channel alone of the same embryos. (A-L) Embryos with one copy of the transgene as well
as elav-GAL4 display normal Robo1 protein expression among the HA-tagged variants (arrows).
(M-X) Homozygous transgenic embryos carrying elav-GAL4 and UAS-Comm show strongly
downregulated HA expression among the slit-like collapsed axon scaffold (arrows with
asterisks), with the exceptions of Robo1DFn3, Robo1DFn1-3 and Robo1DIg2-Fn3 (X, O, and P)
which are not downregulated on axons when Comm is misexpressed (arrow). Pairs of sibling
embryos shown (A and M; B and N; C and O; D and P; E and Q; F and R; G and S; H and T; I
and U; J and V; K and W; and L and X) were stained in the same tube and imaged under the
same confocal settings to ensure accurate comparison of HA levels between embryos. Bar
graph (Y) and table (Z) show quantification of pixel intensity of full-length and combinatorial
Robo1 variants with either elav-GAL4 alone (A-D) or elav-GAL4 and Comm (M-P). For each of
these variants, pixel intensity of embryos containing UAS-Comm were compared to that of the
siblings only possessing elav-GAL4 by student’s t-test, with a Bonferroni correction for multiple
comparisons (*p<0.01).
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any Robo1 Ig domains, Fn1 or Fn2 does not disrupt Comm-dependent endosomal sorting, but
Robo1 Fn3 is required for this regulatory process.
To confirm this data we misexpressed Comm using the aforementioned UAS/GAL4
system in embryos carrying our minimal coding region variant constructs [robo1::robo1ΔIg2-5,
robo1::robo1ΔFn1-3, and robo1::robo1ΔIg2-Fn3]. Consistent with previous results, we observed
a strong reduction in neuronal HA staining in embryos carrying Robo1DIg2-5 along with elavGAL4 and UAS-Comm compared to embryos carrying the rescue constructs with elav-GAL4
alone as well as thickened commissures consistent with an increase in midline crossing due to
down-regulation of endogenous Robo1 (Fig. 4.1N). However, when the Fn3 domain is absent in
either Robo1DFn1-3 or Robo1DIg2-Fn3 transgenes, the variant protein is remains on
axons of UAS-Comm embryos (compare Fig. 4.1 C and O; D and P). The strong midline
collapse phenotype caused by Comm misexpression in embryos expressing Robo1DFn3,
Robo1DFn1-3 and Robo1DIg2-Fn3 suggests that Comm retains the ability to antagonize these
proteins through a non-sorting mechanism, as has previously been described for sortingdeficient forms of Robo1 (Gilestro, 2008).

SECTION TWO: Robo2 interacts with Robo1’s Fn repeats to elicit transient inhibition

The Fn repeats of Robo1 are required for transient downregulation by Robo2
Based on the current model of trans-inhibition (Evans et al., 2015), we expect Robo1 protein
that remains sensitive to Robo2 to be unable to carry out its midline repulsive function and
should almost phenocopy a robo1 null mutant where FasII-positive pathways ectopically cross
in every segment. Conversely, if a Robo1 variant loses sensitivity to Robo2, its midline repulsive
function will remain intact and no axons should ectopically cross the midline.
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To investigate which ectodomain elements of Robo1 are crucial for sensitivity to early
inhibition by Robo2, we introduced our combinatorial robo11, [robo1::robo1DX] variants to a
background in which Robo2 expression is forced in all neurons (elav-GAL4/UAS-Robo2). We
stained stage 16 embryos with anti-HRP (magenta; recognizes all neurons), anti-FasII (green;
recognizes FasII-positive pathways for ectopic crossing quantification), and anti-HA (bottom
channel; shows expression of both HA-tagged Robo1 variant and HA-tag present on UASRobo2). In all variants, HA expression is present on axons as well as the surrounding neuropile,
which is expected due to overexpression of the HA-tagged Robo2 construct (Fig. 4.2). Both fulllength Robo1 (Fig 4.2A) and Robo1DIg2-5 (Fig. 4.2B) exhibit a scaffold that resembles a robo1
null mutant with ectopic crossing occurring in 69.8% and 74.2% of segments, respectively.
However, embryos carrying either the Robo1DFn1-3 (Fig. 4.2C) or Robo1DIg2-Fn3 (Fig. 4.2D)
transgene exhibit a commissureless phenotype with minor ectopic crossing only occurring in
approximately 37.5% or 34.5% of segments. This qualitative difference in phenotype suggests
that the Fn repeats of Robo1 are critical to the protein’s ability to be inhibited by Robo2. In fact,
when comparing the instances of ectopic crossing either robo11, [robo1::robo1DX]; elavGAL4/UAS-Robo2 variants to full-length robo11, [robo1::robo1]; elav-GAL4/UAS-Robo2 or each
of the Robo1 variants with UAS-Robo2 to their counterparts without, we find that both the
Robo1DFn1-3 and Robo1DIg2-Fn3 variants are statistically significant (see bar graph and pvalue table in Fig. 4.2), further confirming the importance of the Fn repeats in Robo2 inhibition.
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Figure 4.2

Figure 4.2. The Fn repeats of Robo1 are required for sensitivity to Robo2.
Expression of Robo1 and Robo1 variants in a Robo2 misexpression background. Stage 16
embryos stained with anti-HRP (magenta) and anti-FasII (green) antibodies, bottom channel
shows same embryos stained with anti-HA. In embryos that express both full length Robo1 (A)
or Robo1DIg2-5 (B) and UAS-Robo2, Fas-II positive axons ectopically cross the midline in most
segments. However, embryos that express either Robo1DFn1-3 (C) or Robo1DIg2-Fn3 (D) with
UAS-Robo2 display a commissureless phenotype. Qualitatively, the phenotypic differences
observed suggest that Robo1 variants lacking any of the Fn repeats are insensitive to transient
downregulation by Robo2. Bar graph and table at right indicates instances of ectopic crossing
with corresponding statistical significance by student’s t-test, with a Bonferroni correction for
multiple comparisons (*p<0.01).
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DISCUSSION
Robo1 Fn3 is required for Comm-dependent endosomal sorting
Commissureless (Comm) is a negative regulator of Drosophila Robo1, and prevents the
receptor from reaching the growth cone surface via co-localization of Comm and Robo1 in
lysosomes to be targeted for degradation. Endosomal sorting has been shown to rely on the
transmembrane, juxtamembrane and LPSY sorting motif of Comm and peri-membrane region of
Robo1 spanning 83 amino acids (Gilestro, 2008). Using a series of chimeric receptors
constructed by swapping various regions of Robo1 and Frazzled (Fra), an unrelated receptor
that is not sorted by Comm, Gilestro (Gilestro, 2008) showed that the peri-membrane region of
Robo1 was necessary and sufficient for Comm-dependent sorting in cultured cells, and
necessary for Comm sorting in vivo. Our results indicate that sequences within the Fn3 domain
are also necessary for Comm sorting in vivo, and suggest that neither Fn3 nor the perimembrane region of Robo1 is sufficient for sorting by Comm in embryonic neurons. Notably,
both our Robo1DFn3 variant and Gilestro’s RoboSD (sorting-defective) variant remain sensitive
to antagonism by Comm, as neither variant produces a commissureless phenotype when
expressed in place of normal robo1, and Comm over-expression is able to mimic a robo1 loss of
function phenotype in the presence of either variant.
Finally, we note that while RoboSD is reported to be efficiently cleared from commissural
axon segments (Gilestro, 2008), our Robo1DFn3 variant remains detectable on commissures,
suggesting that these two regions of Robo1 (Fn3 and peri-membrane region) may play distinct
roles in Comm regulation and/or commissural clearance. Recent evidence suggests that
endocytosis of Robo1 may contribute to its downregulation on the surface of midline-crossing
growth cones (Chance, 2015). Considering the Robo1DFn3 construct’s inability to be completely
cleared from commissures in wild-type embryos, perhaps the Fn3 domain aids in endocytosis of
Robo1, or contains a signal sequence or protein recognition motif which promotes commissural

152

clearance through another, distinct mechanism or modulates Robo1’s interaction with other
regulatory factors like Cno or Mmy (Manavalan, Jayasinghe, Grewal, & Bhat, 2017a; Slovakova
et al., 2012). More experiments will need to be done to investigate these possibilities.

Is Robo1DFn3 insensitive to all forms of known downregulation?
Our results indicate that the Fn repeats are crucial for sensitivity to transient inhibition by Robo2.
However, whether one or multiple Fn repeat(s) are required for this interaction remains to be
seen. We have previously shown Fn3 to be essential for Comm-dependent downregulation and
commissural clearance. Could this domain also influence sensitivity to Robo2? If this is the
case, why wouldn’t the Robo1 variants lacking Fn3 exhibit enhanced midline repulsion in the
absence of the strongest known forms of downregulation? This perplexing result would either
lead us to speculate at the existence of a regulator existing upstream of robo that has yet to be
discovered or to ultimately reevaluate the validity of previously established models and reconcile
the gaps that exist within our knowledge of the signaling pathway.
First, Comm is expressed both in the midline glia (Tear et al., 1996) and neurons
(Georgiou & Tear, 2002; Keleman et al., 2002). Rescue assays (Georgiou & Tear, 2002) have
shown that restoring expression of Comm to neurons, rather than midline glia, of comm null
mutants is able to rescue the comm phenotype. Based on this it has been assumed that
neuronal comm is the sole regulator functioning in both endosomal sorting and commissural
clearance (Dickson & Gilestro, 2006). Our work as well as others (Gilestro, 2008) have already
begun to question this model and as such begs the question of what function midline glial comm
possess. Could it be important for interacting with the extracellular Fn3 domain of Robo1 to aid
in commissural clearance while neuronal comm instead interacts with the perimembrane region
of Robo1 for endosomal sorting? As the original rescue experiments were completed with
UAS/GAL4 based misexpression and have not been repeated with newer genome editing
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techniques such as CRISPR. It would be interesting to test this query by knocking down the
midline glial Comm specifically in these cells.
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CONCLUSIONS
We have found that variants lacking the Fn3 domain (Robo1DFn3, Robo1DFn1-3 and
Robo1DIg2-Fn3) are unable to be downregulated on axons when exposed to Comm
overexpression, indicating a novel role for the Fn3 domain in Comm-dependent downregulation
that could potentially be linked to its aforementioned role in commissural clearance.
Furthermore, Robo1 variants lacking all three Fn repeats (Robo1DFn1-3 and Robo1DIg2-Fn3)
become insensitive to inhibition by Robo2 and result in a commissureless scaffold. Since the
full-length Robo1 and Robo1DIg2-5 variants conversely result in copious ectopic crossing
events, we are confident that the Fn repeats of Robo1 are responsible for transient inhibition by
Robo2 that allows axons to initially cross the midline should Robo1 escape endosomal sorting
by Comm. It will be interesting to see if this region of sensitivity can be further narrowed down to
one of the Fn repeats.
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CONCLUSIONS AND FUTURE DIRECTIONS
The goal of this research was to utilize a structure-function assay to characterize the
ectodomain elements of Drosophila Robo1. By individually deleting the five Ig domains and
three Fn repeats of Robo1 we found that all of the domains except for Ig1 are dispensable for
Slit binding in vitro and the receptor’s midline repulsive function in vivo. We also found a novel
role for Fn3 in commissural clearance and Comm-dependent downregulation of the Robo1
protein. More experiments will be necessary to determine whether these two roles of Fn3 are
linked. Furthermore, we investigated the minimal Robo1 coding region necessary to signal
repulsion by creating combinatorial Robo1 deletions (DIg2-5, DFn1-3, and DIg2-Fn3), with each
variant containing at least the Ig1 domain to allow for the slit binding essential to midline
repulsion. Confirming the nature of our individual deletion variants, the combined Ig (Ig2-5) and
Fn (Fn1-3) deletions were dispensable for slit binding and midline repulsion. However, when
combined (Ig2-Fn3) these variants were unable to completely rescue midline repulsion in robo1
null mutants. These results indicate that the Ig1 domain alone is not enough to properly signal
midline repulsion. We then forced expression of Robo2 in animals expressing these constructs
to test which regions of Robo1 interact with Robo2 in early development and found that the Fn
repeats are required for sensitivity to Robo2.
In an attempt to explain the Robo1DIg2-Fn3 partial rescue, we hypothesized that Ig1
being immediately adjacent to the plasma membrane could be interfering with the protein’s
ability to bind Slit or interact with other factors crucial for midline repulsive signaling. To
investigate the possibility of steric hindrance, we added one of the native Robo1 domains (Ig2,
Ig5, or Fn3) back to our Robo1DIg2-Fn3 variant effectively adding 94-103AA of space between
Ig1 and the plasma membrane. Interestingly, all three of these variants were able to restore
midline repulsion in robo1 null mutants to the same extent as full-length Robo1.
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Figure C.1

Figure C.1. Characterization of Robo1 deletion variants.
Schematics of full-length Robo1 and all individual Ig (DIg1, DIg2, DIg3, DIg4, DIg5) and Fn
(DFn1, DFn2, DFn3), combinatorial (DIg2-5, DFn1-3, DIg2-Fn3), and steric hindrance (DIg2-Fn2,
DIg3-Fn3, DIg2-4DFn1-3) deletion variants at top. Chart (at bottom) denotes phenotypic
characteristics of each variant (ie. whether constructs were able to bind Slit in vitro, as well as
their localization, expression levels (overall expression and whether we observed elevated
expression in neuronal cell bodies) in vivo, ectopic crossing in the rescue background, and
sensitivity to Comm and Robo2).
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Figure C.2

Figure C.2. Robo1 structure-function conclusions.
Schematic of Robo1 ectodomain elements and their in vivo functions. Ig1 is crucial for slit
binding (Figures 2.1 and 2.5) and midline repulsive function (Figures 2.2, 2.4, 2.8, and 2.11).
Fn3 functions in commissural clearance (Figures 3.2, 3.6, and 3.9) and Comm-dependent
downregulation (Figure 4.1) of Robo1. Interestingly, although Ig1 is the only domain required to
signal midline repulsion, this domain alone is not sufficient (Figure 3.8). This partial rescue
phenotype can be rescued by the addition of one native domain back to Robo1DIg2-Fn3
(Figure 3.11). Finally, the Fn repeats of Robo1 are essential for sensitivity to Robo2 to allow for
transient inhibition during early stages of neural development (Figure 4.2).
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Investigate specific region within Fn repeats of Robo1 that is required for sensitivity to
transient inhibition by Robo2
Here we demonstrated a novel role for the Fn repeats in interacting with Robo2 to transiently
inhibit Robo1’s midline repulsive function during early development. The next logical step is to
further narrow down the regions within the Fn repeats that is responsible for interacting with
Robo2. This can be done by introducing our individual Fn deletion constructs to the Robo2
misexpression background in the same manner as our combinatorial variants (described
above), where we would then determine Robo2 sensitivity by the qualitative phenotype as well
as the degree of ectopic crossing. As both the Ig1 and Ig2 domains of Robo2 are thought to be
critical for binding Robo1 in this inhibitory process, it will be interesting to discover whether one
or multiple Fn repeats of Robo1 are required for sensitivity to Robo2.
Once we determine which specific Fn(s) are responsible for this genetic interaction, we
could take our data a step further with a Co-IP of full-length Robo2 and our Robo1 deletion
variants. This would not only confirm the interaction we observed but would also provide
evidence that Robo1 and Robo2 are physically binding to one another to elicit inhibition.

Discover the minimal number of amino acids necessary between Ig1 and TM domain to
allow midline repulsive signaling
Our steric hindrance results indicate that Ig1 needs at least 140AA [length of Ig5 plus JM]
between itself and the plasma membrane to properly signal midline repulsion. An alternative
method to test our steric hindrance hypothesis would be to create a Robo1 construct containing
the proper number and order of ectodomain elements, with the exception of Ig1 being relocated
from the N- to the C-terminal end of the ectodomain. While an interesting concept, based on the
data presented here we can speculate that this construct would be unable to fully signal midline
repulsion similar to the Robo1DIg2-Fn3 variant. The new variant may even yield higher
instances of ectopic crossing in the rescue background as it would now be sandwiched between
Fn3 and the plasma membrane.
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Our Robo1DIg2-Fn2, Robo1DIg3-Fn3 and Robo1DIg2-4DFn1-3 variants all reintroduced
one native domain of similar length (103AA, 100AA and 94AA, respectively) to our Robo1DIg2Fn3 variant. Therefore, further work could be done to investigate the minimal spacer region
required between Ig1 and the plasma membrane for the receptor to carry out its midline
repulsive function. To that end, we could investigate this query by utilizing a series of random
linkers between Ig1 and the membrane ranging from 1 to 139AA in length and test their ability to
rescue midline repulsion. However, as random linkers can have unforeseen consequences on
protein structure in vivo, biochemical assays would need to be to coupled with these
experiments to monitor for protein aggregation or misfolding.

Investigate the Robo1 ectodomain elements role outside of midline repulsion
While our data revealed roles for Ig1 in slit binding and midline repulsive signaling and for Fn3 in
commissural clearance and Comm-dependent downregulation, the dispensable nature of Ig2Fn2 begs the question of why this “5+3” protein structure is conserved across Robo orthologs.
The most likely answer is that these domains function outside of midline repulsive signaling that
we have focused on here. As previously stated, Robo1 has been shown to function in
embryonic muscle migration, migration of embryonic chordotonal sensory neurons, and
guidance and targeting of dendrites. To completely characterize the function of each Robo1
ectodomain element, experiments will need to be completed observing these processes with our
deletion variants.
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